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Abstract
A fundamental research problem of cooperative half-duplex relaying network is to find 
its capacity as well as a practical approach in order to achieve the capacity. In this 
thesis, the state-of-the-art review shows that the achievable rates have been derived 
as well as a capacity upper bound using max-flow min-cut theorem for the degraded 
channel with multiple parallel relays. However, the capacity of the relay channel for 
general case remains unknown. In the literatures, there are several relaying strategies 
having been developed to push the performance towards the capacity. However, the 
existing strategies can achieve the desired performance only when the full channel in­
formation is available at the source, which causes a large amount of signalling overhead 
and channel feedback. Another problem for the half-duplex relaying network is that it 
suffers a loss of spectral efficiency due to the orthogonality requirement for the relay 
transmission. Half-duplex orthogonal relay often utilizes dedicated resources to help 
source-to-destination communications, which results in reduced spectral efficiency and 
underutilization of the allocated bandwidth.
The main contributions of this thesis are three-fold:
• First, we propose a novel relay selection algorithm based on mixed channel infor­
mation. The proposed selection algorithm aims to reduce the signalling overhead 
of modulation-adaptive Decode-and-Forward (DF) relaying by exploiting statis­
tical channel information. A novel semi-deterministic approach is proposed to 
perform joint rate-adaptation and best-relay selection. It is shown that the pro­
posed algorithm can achieve a good trade-off between the spectral efficiency and 
signalling overhead.
• Second, to mitigate the error propagation effects of DF relaying, we propose 
a distributed turbo decoding algorithm exploiting the source-relay correlation 
with reduced complexity. By iteratively updating the decoding output of the 
turbo decoders, the proposed decoding algorithm can outperform the conventional 
selective DF relaying.
• Third, the relationship between the spectral efficiency and bandwidth dedicated 
to the relay is theoretically established. It is shown that, with the practical 
model of users’ channel usage, the spectral efficiency is maximized when the 
relay does not have any dedicated bandwidth. Moreover, this theoretical result is 
elaborated through extensive investigation of the DF relay adopting various MAC- 
layer protocols including round robin resource scheduling, best-user selection, 
incremental relaying employing type II hybrid automatic repeat request, as well 
as joint channel and power allocation. Our Monte Carlo simulations show that the 
DF-relay with coordinated spectrum sharing improves the spectral efficiency by 
at least 50% in comparison with the relay with dedicated bandwidth allocation.
K ey words: Cooperative relaying, coordinated spectrum sharing, decode-and-forward, 
link adaptation, relay selection, MAC-layer protocol, spectral efficiency, turbo code
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Introduction
1.1 Background
During the past decade, an exponentially growing number of wireless applications have 
significantly boosted the development of wireless networks, especially the cellular net­
works for voice and data services. The future wireless communication systems are 
required to offer various multimedia service with high data rate and reliable connec­
tions. To satisfy above needs, the future wireless networks should be equipped with 
sophisticated algorithms to efficiently utilize the limited radio resources. However, the 
conventional point-to-point system seems unable to achieve such desired Quality of Ser­
vice (QoS) due to the hostile properties of wireless propagation channel, such as fading 
effect, path-loss, shadowing and co-channel interference.
To tackle the above problems, a lot of techniques have been proposed. One of them is 
Multi-Input Multi-Output (MIMO). The advantages of the MIMO system have been 
widely acknowledged and it has been proven to be a good solution for the future chal­
lenges [1-4]. In a MIMO system, transmit diversity (transmitting independent copies 
of the signal) is created to combat the impairment of the wireless propagation channel. 
Although, transmit diversity is clearly an advantage for a wireless network, it may not 
be practical in some scenarios. Specially, a mobile device may not be able to equip 
multiple transmit antennas, due to size, price or hardware limitation. To cope with
1
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this problem, cooperative diversity paradigm was proposed in recent decade [5-9]. The 
cooperative diversity can be created by coordinating multiple nodes with single antenna 
to form a virtual distributed antenna array, seeking the advantage of MIMO spatial 
diversity. The original idea of cooperative communications can be tracked back to the 
3-node relaying channel introduced by Van Der Meulen in 1970s [10,11], where the con­
cept of relay is introduced. A relay works like a helper by overhearing the message from 
the source node and forwarding it to the destination, due to the broadcasting nature 
of wireless communications. In such a case, cooperative communications can take ad­
vantage of the multiple wireless propagation environment and offer great opportunities 
to improve the system performance.
Generally, there are two methods to create cooperative diversity in a wireless network:
• Deploying extra relay nodes to assist the communication between source nodes 
and their corresponding destinations;
• Allowing the nodes in the same wireless network to help each other to communi­
cate with their corresponding destinations.
Systems using the above two methods of relaying are referred to as relay networks and 
cooperative networks, respectively. The only difference of the two systems lies with 
the operation mode of the relay. In a relay network, the relay only simply forward the 
information received from the source to corresponding destination and has no informa­
tion from itself. In a cooperative network, all the nodes act as both a source node and 
a relay node for different transmission phases. However, there is no difference between 
the above two systems as far as signal processing at the relay is concerned. Therefore, 
in this thesis, the common terminology “relaying network” is used to define the general 
wireless communication system involving cooperative diversity.
Several protocols have been developed for relaying in wireless networks to enable co­
operative diversity. In the literatures, there are three basic relaying protocols, namely, 
Amplify-and-Forward (AF), Decode-and-Forward (DF) and Compress-and-Forward (CF) 
[7,12,13]. In the AF protocol, the relay simply amplifies and re-transmits the received 
signals from the source. A constant amplification factor is chosen such that the average
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energy per symbol over the consecutive frame meets the system constraint. The des­
tination combines the relay signal and the source signal in a optimal manner, such as 
Maximal Ratio Combining (MRC), before extracting the information from the signal. 
In the DF protocol, the relay decodes the source signal, makes hard decision, re-encodes 
and re-transmits the message. It has been proven that the cooperative diversity can be 
achieved only when the DF relay succeeds in decoding the source signal [7]. In the CF 
protocol, the relay compresses the source signal and re-transmits it to the destination, 
which is used as side information to reconstruct the source message. Comparing with 
the DF protocol, one potential challenge for the AF and CF protocols is that sampling, 
amplifying and re-transmitting analogue values is technologically impractical. Thus, 
the focus of our investigation has been concentrated on the DF protocol.
1.2 M otivation and Objective
Although the concept of relaying can be dated back to 40 years ago, the fundamental 
capacity limit of relaying network for the general case remains unknown until today. 
In the literatures, the capacity upper bound is derived with max-flow min-cut theo­
rem for the special case of degraded single-relay channel [12]. Several strategies have 
been proposed to provide capacity-approaching performances. Two fundamental coding 
strategies for single-relay network haven been studied, referred to in [12] as coopera­
tion and observation. Cover and El Gamal provided a number of coding strategies for 
the single-relay scenario and found the achievable capacity regions. A combination of 
these strategies have been shown to achieve capacity for several classes of channels as 
mentioned in [14-18]. The information theoretical basis was set for the future research 
effort through their work. Also, the multi-relay channel has been investigated as a 
special case of the Gaussian multiple-access channel with cooperative diversity [19,20].
However, the existing methods rely on some impractical assumptions such as full Chan­
nel State Information (CSI) and perfect feedback channel. Besides, the earlier research 
mainly focused on the simple relaying network with fixed resource allocation. Alter­
natively, for scenarios where multiple relays are available, relay selection and spec­
trum sharing become possible. These new parameters allow the cooperating systems
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to explore more degrees of freedom such as specific channel conditions and geometry, 
transmit adaptively to improve the spectral efficiency. Furthermore, spectrum reuse 
techniques have shown their effectiveness in improving the spectrum utilization and 
efficiency [21-24]. By adaptively assigning available frequency band or time slot to dif­
ferent users according to certain allocation algorithm, the spectral efficiency is likely to 
be improved. This inspired us to further improve the spectral efficiency of cooperative 
relaying networks by exploiting the spectrum reuse algorithms. For a multi-user net­
work with one relay, it has been shown that the spectral efficiency can be significantly 
improved by allowing the relay to reuse user’s spectrum [25].
In this thesis, we have added some novel results motivated by the above observations 
from the investigation on the link-adaptation and spectrum sharing techniques. The 
aim is to further improve the spectral efficiency of cooperative relaying network with 
hostile wireless channels and half-duplex constraint.
1.3 Major Contributions
Motivated by the above observation, this thesis mainly focuses on spectrum efficient 
relay selection protocol design and resource allocation algorithms for relaying with 
spectrum sharing. The main contributions are summarized as following.
• Firstly, we apply link adaptation techniques, specifically adaptive modulation 
schemes, to opportunistic DF relaying. A 3-node relaying network is considered, 
where the source and the relay both perform adaptive modulation. The proposed 
scheme aims at improving the spectral efficiency subject to given Bit Error Rate 
(BER) and individual transmit-power constraint. The effect of imperfect CSI 
feedback is also investigated.
• Secondly, the original idea of adaptive modulation requires full CSI of all the links 
in the network, which results in a huge amount of signalling overhead. To further 
improve the spectral efficiency, an adaptive modulation scheme with limited feed­
back is proposed, where a quantised version of CSI is utilized. The simulation
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results show that, a 3-bit feedback introduces acceptable performance degrada­
tion in comparison with the case of full CSI, whilst reduces 90.6% of the feedback 
overhead. Moreover, the proposed scheme with 3-bit feedback still considerably 
outperforms the adaptive direct transmission with full CSI in most of simulation 
scenarios.
• In addition, a joint relay selection and rate-adaptation approach is proposed for 
the opportunistic DF relaying protocol to further reduce the signalling overhead. 
The basic idea is based on a two-stage process using both instantaneous and sta­
tistical CSI. In addition, a new metric namely the Probability of Missing the Best 
Relay (PMBR) is proposed to analyse the performance of the proposed scheme, 
as PMBR indicates the probability that the full diversity gain can be achieved. A 
trade-off between the spectral efficiency and signalling overhead can be observed. 
It is shown that this two stage process can effectively reduce signalling overhead 
whilst maintain reasonable performance in terms of the spectral efficiency.
• Furthermore, a distributed turbo decoding algorithm is proposed for DF relaying 
to mitigate the error propagation problem. The algorithm aims to exploit the 
correlation information between the source and the relay. While decoding at the 
destination, the correlation information is used to iteratively update the decoding 
output. It is shown that the proposed decoding algorithm can outperform the 
conventional selective DF relaying protocol.
• Last, a relaying scheme with coordinated spectrum sharing is proposed. The basic 
idea is to allow the relay to share the sources’ spectrum in a coordinated manner to 
improve the spectral efficiency. Our major contribution includes establishing the 
analytical relationship between the overall spectral efficiency and the bandwidth 
of relay band. It is shown that the relationship is a function of the users’ channel- 
usage probability and the relay dedicated bandwidth. As far as the practical 
model of users’ channel usage is concerned, we find a practical example which 
maximizes the overall spectral efficiency when no dedicated bandwidth is allocated 
to the relay.
• The spectral efficiency performance is investigated when combining the coordi-
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nated spectrum-sharing relay with various typical Medium Access Control (MAC)- 
layer protocols, including round robin, incremental relaying and user selection. 
Spectral efficiency of the proposed relaying protocols is theoretically investigated. 
Finally, computer simulations are carried out to verify our theoretical results. 
Using the practical model of users’ channel usage, the simulation results show 
up to 50% spectral-efficiency gain when comparing the proposed relaying scheme 
with the conventional relaying scheme.
1.4 Outline of the Thesis
The rest of thesis is organised as follows, in Chapter 2 the existing approaches for link 
adaptation and resource allocation techniques are reviewed, a novel link adaptation 
and relay selection algorithm is proposed in Chapter 3. In Chapter 4, a distributed 
turbo decoding algorithm is proposed to mitigate the error propagation problem by 
exploiting correlation information. Furthermore, in Chapter 5 a relaying network with 
coordinated spectrum sharing is presented. Finally, conclusions are drawn in Chapter 
6 along with the set of possible future work.
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Chaoter 2
Background on Cooperative Relaying
2.1 Introduction
In this chapter, we first review the basic models of cooperative communication and 
protocols for cooperative relaying. Then, the theoretical benefits of cooperative re­
laying are introduced, given an example of the simplest 3-node relaying network. The 
spectral efficiency is investigated as an important performance metric in the literatures. 
Although cooperation effectively establishes the connectivity of the network, it is not 
necessarily the most spectral-efficient communication technique in a network. One of 
the key concerns in designing cooperative relaying network is that the performance of 
each link in the network should be fully considered for its effect on the overall perfor­
mance of the entire network, which is much more complex than the case of conventional 
point-to-point communications. Thus, the design of link adaptation technique and re­
source allocation can not be straight-forwardly adopted from point-to-point scenarios 
to cooperative relaying involving multiple nodes.
Link adaptation techniques have demonstrated their effectiveness in improving spectral 
efficiency for classic communication systems. Therefore, the basic theory and methods 
are reviewed as guidelines for the design of link-adaptive cooperative relaying. The re­
cent research efforts that have been paid on link adaptation techniques, namely adaptive 
power allocation and adaptive modulation, will be revisited in this chapter.
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In the conventional relay-assisted networks, the orthogonal relay forwards received sig­
nals through the channels, which are orthogonal to those allocated to the sources. 
Originally, the relay are allocated with dedicated resources (time slots, frequencies or 
spreading codes), which if underused result in loss in spectral efficiency. Alternatively, 
if the relay are allowed to share the channels allocated to the sources, less dedicated 
resources are needed for the relaying uses. Within this scenario, the spectral efficiency 
depends on the resource allocation and channel usage model. Thus, researchers have 
begun to investigate the channel assignment and spectrum sharing for cooperative re­
laying, which will be reviewed at the end of this chapter.
2.2 The Relay Channel M odel
Relay channels and their multi-node extensions are the main interest of our study 
of cooperative diversity. The classical relay channel includes a set of communication 
terminals, a source node (S), single or multiple inter-medium relay nodes (R) and a 
destination node (D) as shown in Fig. 2.1. The relay is capable of receiving, processing 
and re-transmitting the signals of interest from the source in order to improve the sys­
tem performance. This simplest cooperative scenario was first introduced and studied 
in pioneering work of Van Der Meulen [10,11,26]. Afterwards, a large amount of work 
has been done for the investigation of this model, primarily from the perspective of 
information theory. More recently, models with multiple relays and sources have been 
examined [27-29].
The ground-breaking work on the information theoretical analysis of the classic relay 
channel was first reported in Cover and El G amahs paper in 1970s [12,15]. Cover and El 
Carnal investigated the channel capacity of the three-node relay model in an Additive 
White Gaussian Noise (AWGN) channel, developing lower and upper bounds on the 
channel capacity via random coding schemes and converse argument. However, the 
bounds on channel capacity is only established on non-faded degraded relay channels, 
which is hardly a suitable case for practical systems.
In the literatures, the transmission of the relay network is modelled as a two-phase 
process. In Phase I, the source transmits while the relay and the destination receive,
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F ig u r e  2.1: The relay channel model with multiple parallel relays
which can be modelled as a broadcasting channel. In Phase II. the relay re-transmit 
the processed source’s signal and the destination decodes the message by combining 
the source’s and the relay’s signals, which can be modelled as a multi-access channel. 
The 3-node relay network has four types of random variables: the channel inputs of the 
source and the relay X\  and X 2 , the channel outputs at the relay and the destination 
Yi and Y2. Assuming the relay network is memoryless and time invariant, the channel 
distribution can be expressed as p(xi, xg). We use the common notation I ( X]Y\Z)  for 
the mutual information between X  and Y  conditioned on Z.  Then, a capacity upper 
bound for the basic relay channel is given by the cut-set bound [13]:
C <  m a x m i n { 7 ( % i ; y i ^ | W 2 ) , 7 ( % i % 2 ; ^ ) }  (2.1)
The lower bounds on capacity, i.e. achievable rates, can be obtained via different 
relaying protocols combining with coding schemes. In [12], two protocols were proposed 
to achieve the capacity lower bounds, as known now as decode-and-forward, compress- 
and-forward. Later, Laneman et al proposed a new relaying protocol, namely amplify- 
and-forward [5]. In the next section, we will briefly discuss the basic relaying protocols 
introduced so far in the literatures.
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2.2.1 R elaying P ro toco ls
After introducing the relay channel model, the next research focus is to find the efficient 
relaying protocols to fully exploit the advantage of cooperative relaying. The basic 
four categories of relaying protocols are introduced in the rest of this section, namely 
amplify-and-forward, decode-and-forward, compress-and-forward and coded operation.
The first relaying protocol we introduce is Amplify-and-Forward (AF). In AF protocol, 
the relay receives the signal from the source and re-transmits it without knowing the 
message. The signal is amplified to compensate for the attenuation suffered from the 
wireless communication channels, during which the noise is also amplified. The desti­
nation combines the signals from the source with that from the relay, and then decodes 
the messages. For an optimal combining, the CSI of the S-R link is required at the 
destination node. AF is a simple protocol to provide full diversity while the cost is low. 
The advantage of AF is that the decoding errors at the relay is completely avoided and 
the soft information of the message is kept. The main drawback of AF is that the noise 
level is amplified with the desired signal. Also, it is impractical to store the analogue 
wave at the relay node. Due to the impracticality of AF protocol, other protocols with 
digital signal processing capability, such as demodulation and decoding, at the relay 
are considered.
Decode-and-Forward (DF) protocol employs decoding (or demodulation when consid­
ering an un-coded system) at the relay node. After decoding, the relay re-encodes 
(or modulates) the message received from the source and transmits it to the destina­
tion. The destination suitably combines the source and relay retransmissions to achieve 
higher rates than that with direct transmission alone. DF protocol is easy for imple­
mentation and shows great potential to improve the performance as the relay is placed 
closer to the source. It is important to note that the relay may introduce errors while 
decoding the source’s message, which causes loss of diversity. To compensate this draw 
back, selective DF is proposed, where the relay only forwards the source’s message when 
a certain threshold is met to guarantee correct decoding at the relay [30]. It is shown 
that by imposing the conditional forward, selective DF can achieve the same diversity 
gain as AF.
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To avoid fully decoding of the message at the relay node, Compress-and-Forward (CF) 
protocol was introduce by Cover and El Carnal in [12]. The CF relay quantizes the 
received signal from the source and compresses the digitized samples, encodes them into 
a new packet as if they were information bits, and forward the packet to the destination. 
In other word, this packet is not a simple repetition, it is a compressed version of the 
source signals. As a result, the redundancy is reduced. After the destination receives 
the compressed signal, it decodes the packet, extracts the samples, and processes the 
decoding jointly with the data received from the source. In [31], Madsen and Zhang 
derived the achievable rates for the TDD CF scalar Gaussian relay channel. They 
showed that with the CF relaying strategy, the mutual information between the source 
and the destination depended on a “compression noise” which differs from the distortion 
in general. Wyner-Ziv coding is applied in CF to achieve capacity [32].
The last category of relay protocol is Coded Cooperation (CC) [33-35], While the 
basic DF scheme considers only a simple repetition of the regenerated data, coded co­
operation enables cooperative diversity with distributed Forward Error Control (FEC) 
coding and considers the result of the error check for its relaying decision. For coded 
systems, CC protocol exploits diversity gain and channel coding gain by sending dif­
ferent parts of codeword via the source and the relay respectively. The destination 
reconstructs the whole codeword from the received signals. With the pay of increased 
decoding complexity, it is shown that CC can achieve a better performance than the 
other relaying protocols [35,36].
2.2.2 S ystem  M odels
After the relay protocols are introduced, we look into the details of the model of relaying 
system. Since the relay is deployed between the source and the destination, it can 
effectively combat the path-loss impairment and increase the wireless network coverage. 
Let dai denote the geometrical distance between node a G {S, R} and b G {R, D}. Then, 
the path loss {PL) introduced by the wireless channel among the nodes can be modelled 
as:
PLfab) — L/d^b, (2.2)
2.2. The Relay Channel Model 13
where L is a constant introduced by system losses and varies with the environment, /3
is the path loss exponent. Due to the deployment of relays and the characteratistics 
of carrier freqeuncy of Long Term Evolution-Advanced (LTE-A) system [37,38], a free- 
space path poss model with Line of Sight (LOS) can be used, where (3 = 2. The 
relationship between the symbol energy received at the relay node Esr and that at the 
destination node Es^  can be written as
where Gsr is the geometrical gain experienced by the S-R link due to the reduced 
distance compared to the S-D link [39,40], which can be calculated as
Naturally, the geometrical gain of the S-D link related to itself is unity, yielding Gsd =  1. 
Moreover, to illustrate the relative channel gain of source-relay and relay-destination 
links, we take a simple example in which that all the relay is positioned in a straight 
line between the source and the destination. Therefore, we have
In the first cooperative transmission phase, the source transmits a frame of symbols xs
re-transmit the processed symbols ær to the destination during the second phase of 
transmission. To capture the the effects of multipath fading, a multiplication channel
and ergodic process between node a and b. Mathematically, the received signals at the 
relay and the destination from the source can be presented as
(2.3)
(2.4)
Similarly, the geometrical gain of the R-D link can be written as
(2.5)
dsd — dsv -f- dfd • (2.6)
to both the relay and the destination. Then relay processes the received signals and
amplitude (Aa{,) is imposed on the transmitted signal, which corresponds to a stationary
Z/sr — V G srA.svXs +  Vgr, 
Usd ~  \ / ^ s d  A-sd %s ^sd?
(2.7)
(2.8)
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where i>sr and -usd are the AWGN having a variance of N q/2 per dimension. During the 
second phase, the signal received at the destination from the relay yrd can be expressed 
as
2/rd =  x Z ^ rd A rd%r "b Urd* (2 .9 )
For presentation simplicity, we define ha& as the channel coefficient capturing both the 
geometrical gain and channel amplitude as hai — v/G ^A 0b in the rest of this thesis.
For different relaying protocols, xv has different forms. In AF protocol, xr is the am­
plified version of the received signal ysv with the amplification factor a,
Xj- = cxysr. (2.10)
To keep the average energy per symbols over the consecutive frames equals to its average 
transmit power, the following equation should be satisfied
“  V PS|M 2 +  M)' ( 2 ' n )
where Ps and Pr are the transmit power level at the source and relay respectively. At
the destination, MRC is applied on the received signals from the source and the relay,
the output of the MRC is
y = KiVsi + r '/"i- (2 .1 2 )
where h* stands for the complex conjugate of the channel coefficient.
For DF protocol, the relay decodes and re-encodes the source’s signals. xr can be 
expressed as an estimation of xs
xT = xs. (2.13)
To achieve full diversity, the decoding results should be checked at the relay. If the 
relay decodes the received symbols correctly, it forwards the re-encoded symbols to the 
destination in the second phase, otherwise it remains idle. In [41], it is shown that 
Symbol Error Rate (SER) can be tightly upper bounded for both AF and DF as
SER < (GcA)"2, (2.14)
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where Gc represents the cooperation gain which reflects the effect of fading channel and 
resource allocation, and A =  Ps^ x is the total transmit Signal to Noise Ratio (SNR). 
The diversity order d is defined as [42]
r f = -  lim (2.15)
A—>oo log (A)
Thus, from (2.14), it can be shown that both AF and DF protocols achieve full diversity 
order equal to two. Generally speaking, it is expected that AF protocol to be most 
beneficial when the R-D channel is particularly good, while DF protocol offers better 
performance when the S-R channel is good [6 ].
2.3 Adaptive Techniques for Relaying Network
Although the above relaying systems can attain diversity gain and offer higher achiev­
able rate through cooperation, the half-duplex and orthogonality constraints reduce 
the spectral efficiency of the relaying network. One of the efficient ways to improve the 
spectral efficiency in the multi-relay scenario is the adaptive transmission techniques.
2.3.1 In trodu ction
Adaptive transmission techniques are considered as an important candidate to achieve 
efficiency for classic point-to-point communications [43, 44]. The basic principle of 
adaptive transmission is captured in Fig.2.2. Those techniques changes the transmission 
parameters, such as transmission power, time, symbol rate and/or constellation size, 
subject to a given performance requirement such as BER.
Dynamically adjusting the transmission parameters leads to various adaptive tech­
niques in research. There are two main adaptive transmission techniques, the first 
one is power adaptive technique [45], the second one is rate adaptive technique [46]. 
Goldsmith and Varaiya [47] presented an information-theoretic foundation for adaptive 
transmission using “water-pouring” and a variable-rate multiplexed coding scheme. 
From a communication theoretical perspective, a complete analysis of practical power 
and rate adaptation with all possible degrees of freedom was presented in [48], where
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Figure 2 .2 : Block diagram for adaptive transmission
all combinations of continuous/ discrete rate adaptation and power power adaptation 
were presented for average and instantaneous BER constraints. It was shown in [48] 
that joint rate and power adaptation can not provide significant performance improve­
ment over rate adaptation only. Thus, we will focus on rate adaptation and specifically 
discrete rate adaptation since it is more practical.
In rate adaptation schemes, the receiver informs the transmitter about the channel 
condition via the feedback channel, assuming that feedback is reliable and then the 
perfect CSI is available at both receiver and transmitter. For a point-to-point system, 
the received SNR, denoted by 7 , is sufficient channel information for rate adaptation. 
According to an instantaneous BER constrain, the required received SNR is computed. 
Then a set of SNR thresholds 7  =  [7 0 , . . . ,  7 n - i]  can be obtained, which corresponds 
to the transmitting mode in A4, by inverting the BER expression regarding to 7 . 
The SNR can be quantized into a set of discrete states S  = [Sq, . . . ,  Sn - i], where 
{St : 7 i < 7  < 7 i+i}. Hence, for 7  G Si, the ith mode Mi is transmitted. In [43] 
and [49], results of adaptive un-coded QAM-modulation system are shown to illustrate 
the performance gain for adaptive transmission. In the literatures, both the discrete 
rate and the continuous rate adaptation are shown for comparison. It can be observed 
that the continuous case outperforms the discrete case, which is the price paid for the 
quantization of the modulation size for discrete rate system.
Within the scope of cooperative communications, due to the orthogonality requirement, 
the spectral efficiency is reduced and adaptive transmission is a suitable techniques 
to compensate the loss of spectral efficiency. However, the adaptive transmission for 
relaying is not a simple extension from that of point-to-point transmission system.
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Take the simplest 3-node relay network for example, the adaptive transmission can be 
carried between S-R, S-D and R-D links, compared with only one link in point-to-point 
transmission system. This multi-link adaptation problem increases the complexity of 
the system design for adaptive relaying network.
2.3.2 R ela ted  W ork
There have been a substantial amount of research attention on design of adaptive trans­
mission techniques for cooperative relaying. For example, adaptive power allocation 
schemes have been investigated in [50-53] based on perfect instantaneous CSI feedback 
at the transmitters. Both BER and achievable rate have been used as the performance 
indicator for the adaptive power allocation for relaying network [54,55]. Later, the 
work has been extended to the multiple S-R pair scenario [56,57], where distributed 
resource allocation for a large-scale wireless network consisting of multiple AF coopera­
tive links was considered. In [58], adaptive transmission for a single relay (regenerative 
and non-regenerative) network without a direct path transmission was developed, and 
the capacity for the Rayleigh fading case was derived. Zhang et al. have investigated 
the subcarrier power allocation for a multicarrier AF relaying network in [59], where 
a quadratic complexity algorithm and a suboptimal linear algorithm were proposed 
to solve the optimization problem. The basic idea of above power allocation schemes 
is to distribute the power in a more efficient way under certain power constraint, by 
exploiting the channel condition.
Another promising adaptive transmission technique is adaptive modulation, where the 
modulation size is adjusted to the channel condition to improve spectral efficiency with­
out sacrificing the BER performance of the system. The performance of an adaptive DF 
relaying scheme with adaptive M-ary Quadrature-Amplitude Modulation (M-QAM) 
has been investigated in [60] under the assumption that the S-R CSI is not available 
at the destination node. Assuming the S-R CSI is available at the destination, three 
different adaptive techniques have been investigated with joint power-rate adaptation 
in [61]. The closed forms of capacity for AF relaying are derived over both independent 
and identically distributed (i.i.d.) and non-i.i.d. In the case of AF relaying, the relay
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just simply amplify the signal from the source. As a result, adaptive modulation can 
only be performed at the source. Alternatively, the DF relaying protocol allows the 
source and the relay to employ different modulation sizes. This increases the degrees 
of freedom in the multiple link adaptation. Zhang et al. have proposed in [62] a joint 
relay selection and adaptive modulation scheme for opportunistic DF protocol. Two 
modulation-adaptive cooperative schemes are proposed, one employs adaptive mod­
ulation at the source only; the other one employs adaptive modulation both at the 
source and the relay -  the source and the relay may use different modulation schemes 
according to the instantaneous channel feedback.
In a multiple relays environment, the resource allocation and adaptive transmission are 
more challenging due to the complicated network topology. In [31,63,64], optimal power 
allocation and bandwidth allocation schemes for maximizing the system capacity have 
been proposed and investigated for parallel and serial relay networks. It has been shown 
that these resource allocation schemes can significantly increase the capacity of the relay 
network. Adaptive rate transmission has been studied for parallel AF relaying system 
[61] and opportunistic AF relaying [65]. In [6 6 ], an incremental opportunistic relaying 
with adaptive modulation has been proposed for parallel AF relays to maximize spectral 
efficiency, where the rate-adaptation and the usage of relay were only determined based 
on the direct link performance. An optimized power allocation solution to minimize the 
BER for multi-hop relay channels with serial relays has been developed in [67], where 
the direct link was assumed to be unavailable.
2.3.3 A d ap tive  M odulation  for D F  R elaying  N etw ork
Adaptive modulation has been recently extended to a more general case for oppor­
tunistic relaying in [6 8 ] with a multiple-relay scenario, where spectral efficiency is used 
as the criterion for opportunistic relay selection. The spectral efficiency is the main 
advantage to gain from adaptive modulation and is defined as the data rate per unit 
bandwidth (bits/s/Hz).
The BER performance for M-QAM system is generally invertible to get the appropriate 
constellation size for adaptive modulation. Thus, the approximated BER expression
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for M-QAM with Grey mapping is developed for point-to-point communications, which 
can be written as [43]
BER(7 ) =  0 .2  exp (—#7 ), (2.16)
where g — 1.5/(M — 1) is a constant depending on the constellation size, and 7  is the 
received SNR. This approximation is suitable for adaptive modulation with single link 
scenario. However, for the relaying network, the BER at the destination depends on 
all the links, which makes the approximation inapplicable. In [6 8 ], an upper bound 
of relaying network, BERup, is used. The BERup of the relay network is the weighted 
sum of conditional BER for two cases. One is the conditional BER for when the relay 
successfully detects the source message. The other case is the conditional BER for when 
the relay failed detecting the source’s message. It is straight forward that any BER 
constraint is fulfilled by the exact BER can also be fulfilled by this upper bound. Then, 
the constrained optimization problem for adaptive modulation in relaying networks can 
be stated as follows
max SE(7 ) s.t. BERup < BERt (2.17)
where SE(7 ) is the overall spectral efficiency regarding to equivalent received SNR 
related to the different links in a relay network, BERt is the target BER for the adaptive 
modulation. In [6 8 ], it has been proved that (2.17) is a convex problem and can be 
solved using the Lagrange multiplier method.
2.4 M aximum a Posteriori D etection
Since the received signals from the source and relay nodes may be modulated with 
different schemes, the problem of how to combine and decode them needs to be solved. 
One method that can be applied is using soft decoding method, such as Maximum a 
Posteriori Probability (MAP) algorithm. The MAP algorithm examines every possible 
modulation constellation position for every bit in the received symbol, hence MAP is 
optimal in terms of minimising the decoded bit error ratio. Supposing the information 
bit b is modulated into symbol xs and xv with different modulations, the A Posteriori 
Probability (APP) is used to express the soft information of the received symbols ysd
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and %/rd at the destination, which can be described as [62],
_  P(yad,yid\b)P(b)
P{ysdi 2/rd)
_  P(ysd\b)P(yvd\b)P(b)
P{ysdi 2/rd)
<2181
where P(&, 2/sd? 2/rd) is the joint probability that b is transmitted while symbols ysd and 
i/rd are received. The decision on the information bit b is made so that the APP is 
maximized, thus the MAP algorithm can be described as:
&MAP =  argmax{P(î/sd|b)-P(%rd)} , (2.19)b
where P(ysd\b) is the probability of received symbol %/sd given that information bit b is 
transmitted, P(b\yrd) provides the extrinsic information from relay symbol i/rd-
Assuming that the transmitted bits are independent and equally probable, the MAP 
works the same as Maximum Likelihood (ML) detection, which can presented as:
6Ml  =  argmax {P(%/sd|&)P(2/rd|&)} (2 .2 0 )b
Since the MAP algorithm will examine the received symbol for every possible constel­
lation point, the complexity increases exponentially as the modulation size increases. 
To simplify the calculation, the computation is carried out in log domain, where Log 
Likelihood Ratio (LLR) is used, leading to
Ab(ysd) ™ ln ( S ï ï  =  i)
=  In
(  E
M j £ S b=0____________
5 3  P(ysd\Mj)
\  MjESb=i J
(2.21)
where Mj is the possible received symbol from the S-D link, Sb=o is the the set of all 
possible symbols when the input information bit 6 =  0 , 6 &=i is the set of all possible
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symbols when 6 = 1 . We assume that the noise of the channel is AWGN with a variance 
of Nq. The probabilities P(ysd\Mj) in the above equation can be calculated as
P fe d |M,) =  ^ e x p (- ^ M )  (2 .2 2 )
We can compute the APP for the relay symbols using the same algorithm. The decision 
will be made up on the combining of the received APP from source and relay nodes as
-A-6 — Ab(ysd) "b ■^ ■biVrd)' (2.23)
2.5 Channel Information Feedback
In previous research, it is assumed that the feedback channel is perfect and error-free. 
However, this assumption does not always stand for a practical system, where errors 
occurs to the feedback channel. The imperfect channel feedback introduces severe 
performance degradation to adaptive transmission techniques. In this section, we will 
investigate the effect of imperfect feedback channel for the modulation-adaptive relaying 
network.
For a practical adaptive transmission system as shown in Fig. 2.3, the feedback channel 
is impacted by errors due to additive noise zr and channel fading effect hr, as well as 
delay. Channel estimation is performed at the receiver and the estimated channel 
coefficient is sent back to the transmitter for adaptive transmission. However, the 
variation of the channel may be fast enough that the channel realization would have 
been changed by the time the transmitter adapts the transmission mode. An useful 
metric to measure the channel variation is the normalized Doppler frequency. The 
impact of a delayed CSI feedback for classic point-to-point communication system is 
invested in [49]. It is shown that a normalized Doppler frequency of 0.01 can be tolerated 
without significant performance loss in spectral efficiency when an instantaneous BER 
constraint is used for adaptive transmission, since the delayed CSI feedback has the 
same statistic characteristic. However, the performance is certainly degraded if a higher 
modulation size is selected when the channel can only support a lower modulation size. 
The performance of adaptive modulation for MIMO system with channel mean feedback
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is investigated in [69]. In [62], the modulation-adaptive schemes for a relay network 
with imperfect feedback are investigated. The same tolerance of delayed CSI feedback 
can be observed for the modulation-adaptive cooperative schemes.
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Figure 2.3: An adaptive transmitter with imperfect feedback channel 
2.5.1 Feedback C hannel w ith  Errors
To evaluate the effect of feedback errors, we need to determine the probability that 
constellation i is used at the transmitter while constellation j  is selected at the des­
tination due to the feedback errors. This transition probability can be modelled as a 
matrix Q =  [qij], where is the constellation size transition probability. Note that 
qij depends on the quality of the feedback channel as well as the signalling scheme 
used over the feedback channel. Here, we assume that Phase Shift Keying (PSK) based 
signalling scheme is employed over the feedback channel. We use N  PSK symbols to 
denote N  modulation sizes, when the j th PSK symbol is received at the transmitter, 
the ,7th modulation size will be chosen for transmission, thus only one symbol is needed 
for the feedback which significantly reduce the channel overhead.
Assuming that each constellation size is mapped to a corresponding PSK symbol, the 
decision region of the jf'th symbol representing the j th constellation size will be the 
wedge shaped area in the PSK signal circle. As a result, the constellation size transi­
tion probability q^j equals to the average probability that the decision variable of the 
feedback channel detection erroneously falls into the ith wedge shape area instead of 
,7th wedge shaped area. Assume that the wedge shaped area for j 1*1 symbol is between
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the lower and upper phase angles Oj and similarly, and d f  for the ith wedge 
shaped area. Thus the difference of the phase angels can be calculated in a circular 
term as [70]
01 =  min{|0r -  07|, 27r -  |0r -  071} (2.24)
and
02 =  m i n { | e t  -  0 + | ,  27T -  -  0 + | } .  ( 2 .2 5 )
The instantaneous transition probability 11(7 ; 0 1 , 02) can be calculated using the results
from [71], 7  is the instantaneous received SNR of the feedback channel. Note that the
instantaneous received SNR 7  is a random variable over the feedback channel which 
follows the Rayleigh distribution as
A a b M  =  77-  e x p ( - ^ - )  ( 2 .2 6 )
7 a b  7ab
and
ÆfebM — 1 “  e x p ( - ^ )  (2.27)
7ab
where 7 ^  is the average SNR of a-b link. Then, we can obtain the constellation size 
transition probability, by averaging the instantaneous transition probability over 
the fading channels
POO
Qi,j= n ( 7 ; 0i,02) / 7 (7)d7 (2.28)
Jo
where / 7(-) is the Probability Distribution Function (p.d.f.) of the instantaneous re­
ceived SNR of the feedback channel and II(-; -, •) is the instantaneous constellation size 
transition probability.
Note that the symbol for the highest constellation order is in the opposite position to 
the symbol of the lowest order. Thus, the transition probability between the highest 
and lowest constellation order is the lowest in Q, then we can in general expect a higher 
spectral efficiency than the case that those two are adjacent to each other.
2.5.2 S ystem  M odel
Consider a three-node DF relay network including one source, one relay and one des­
tination, where all the nodes are equipped with a single antenna. The relay is placed
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in the same distance as the source-destination link and much closer to the destination 
link, which introduces a higher channel gain to relay-destination links comparing to 
the source-relay link and the direct link. It is assumed that the nodes transmit in a 
time-division manner and a 16-bit Cyclic Redundancy Check (CRC) code is employed 
to ensure the correct decoding at the relay and the destination node. A block fading 
channel model is considered for the above relaying network, where the fading coeffi­
cients are assumed to remain constant for one frame duration and vary independently 
in the next frame following Rayleigh distribution.
2.5.3 Perform ance A nalysis
In this section, we model and analyse the modulation-adaptive cooperative communica­
tion schemes with feedback errors over Rayleigh fading channels. More specifically, we 
obtain its average spectral efficiency and average BER as an example of performance 
degradation.
In the considered modulation-adaptive DF relay network, the whole transmission may 
end up with three different situations: a) the destination decodes the information from 
the source correctly at the end of the first phase, then the second phase is omitted; b) 
the destination fails in the first phase as well as the relay, the source re-transmits the 
information in the second phase; c) the destination fails but the relay succeeds during 
the first phase, then the relay carries out the re-transmission. Let Pa, and Pc denote 
the probability of the three situations respectively and be expressed as
f a =  l - P s6d (2.29)
Pb = P ^ r  (2.30)
Pc = l - P „ - P b (2.31)
where Ps6d and Ps&r are the block error probability of S-D and S-R links respectively.
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Spectral Efficiency
In the case without feedback error, the spectral efficiency of a point-to-point adaptive 
modulation system, 77, can be calculated as [49]
N
)? =  53log<M") Prn (2.32)
n=l
where Mn is the constellation size of nth modulation scheme and Prn is the probability 
that nth modulation scheme is chosen for transmission, which can be expressed as:
Prn =  F y(7 n+i) ~  F~f(r(n) (2.33)
where F7(-) is the Cumulative Distribution Function (c.d.f.) of the received SNR and 
7 n is the threshold for adaptive modulation obtained from BER upper bound inversion.
When the feedback errors are taken into account, the spectral efficiency can be obtained
as
N  N
r) = Y U 2  los f 5 tfijPrj • (2.34)
i=l j=l
When the relay comes to help, the overall spectral efficiency of the system can be 
expressed as:
% r d  =  ( 2 ' 3 5 )
where % and 7]r are the spectral efficiency for the source and the relay respectively, 
which are given by (2.34) above. Finally, the overall spectral efficiency can be written 
as
Coverall =  Pa • % “b Pb b P2 %rd (2.36)
Error Probability
The average BER of a point-to-point adaptive modulation system without feedback 
errors can be calculated as [49]
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where BERn is the average BER when nth constellation size is used for transmission 
with error-free feedback channel, which can be expressed as
____  fYn+l
BERn =  /  BERn (7 ) / 7  (7 ) ^ 7  (2.38)
Jin
where BERn(7 ) is the instantaneous BER of nth modulation size given in (2.16). When 
there are feedback errors, BERn can be calculated as
BERn =  y :  In j  /  BERn(7 )/ 7 (7 )^7 . (2.39)
3 = 0  I j
With case a), we can easily obtain that the average BER for the system is 0. For case 
b), the error probability of S-D link Psd can be written as
N  , 7f + 1
-Psd — Qi,j I 0 .2  exp(—2^s7 sci) /7 .(7 sd)^7 sd (2.40)
j=o J'id
Similarly, the error probability for case c) Psrd of combined S-R and S-D links can be 
expressed as
•Bsrd — /  j Qi,j / . /  , Qk,l / -Psrd/y (Trd)/y(l'sd)^7 rd<^ 7 sd; (2-41)
j=0 J s^d 1=0 ''lid
where and are the transition probabilities for the source and the relay node 
respectively, P srd =  0.2 exp(—^ 7 ^  — Qrlvd) is the instantaneous combined BER at the 
destination node.
The overall BER then can be expressed as
^overall =  Fa 1 0  +  Pb • Psd +  PC 1 Psrd (2.42)
=  Pb ’ Psd +  Pc * Psrd
2 .5 .4  Perform ance E valuation
In this section, we illustrate the impact of the noisy feedback channel on the proposed 
adaptive modulation schemes with simulation results. We set 10- 3  as the target BER 
of the system while BPSK, Quadrature Phase Shift Keying (QPSK), 16-QAM and 64- 
QAM are used for adaptive modulations. The average SNR of S-D and S-R links ranges
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Figure 2.4: BER performance of adaptive modulation cooperative in communication system 
with noisy feedback channel
from 0 dB to 20 dB, the average SNR of R-D link is 20 dB higher, which means that 
the relay is 10  times closer to the destination than it to the source.
Fig. 2.4 shows the simulation results for BER performance of the adaptive modulation 
relay network with a single relay experiencing a noisy feedback channel for both the 
source and the relay. Different feedback channel conditions are considered, the SNR 
of feedback channel is set to be -10, 0, 5 and 10 dB respectively. The performance of 
perfect feedback channel is shown in the figures as benchmark and a fixed DF QPSK 
scheme is shown in the figures. The performance improvement of the proposed adaptive 
modulation scheme over fixed DF scheme can be seen from the simulation results. It can 
be observed that due to the feedback errors, wrong constellation sizes are used which 
results in a shift in transmission data rate and the BER performance is degraded. As 
the SNR of feedback channel increases, the impact of noisy feedback channel becomes 
negligible. From the results shown in Fig. 2.4, we can observe that when the SNR of 
feedback channel is 10 dB, the performance is almost the same as the perfect feedback.
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2.6 Relay Selection
Figure 2.5: Relay selection for multi-relay scenario.
Consider a multi-relay network as shown in Fig. 2.5, accommodating a source (S), a 
destination (D) and N  relays (Rs). All the nodes in the network only have one antenna 
which is used for both transmission and reception. Due to the strong orthogonality 
requirement for relay networks, all the relays are required to be assigned a dedicated 
channel (time slots or frequencies) for transmission. Thus, the spectral efficiency is 
significantly reduced if the number of relays is large. To improve the spectral efficiency, 
relay selection has emerged as a powerful technique with a higher throughput, since less 
orthogonal channels are required to complete the transmission from the source node. 
In Fig. 2.5 only the nth relay is selected to participate, as a result only 2 orthogonal 
channels are needed for cooperation. The spectral efficiency loss factor is |  compared 
to ÿÿq-j- for all-relay participating scheme, which is a great improvement. Several relay 
selection schemes have been proposed and investigated in the literatures.
To achieve full diversity gain and improve the spectral efficiency, selective single relay 
cooperative schemes have been proposed, where the best one relay is selected to of­
fer maximal achievable rate and/or minimal error probability. Determination of the
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“best” relay is based on the channel quality, e.g. SNR, of links between the nodes. A 
cooperative protocol based on relay selection technique using the CSI at the source and 
the relays was proposed in [72]. The best relay is the one that provides the maximum 
instantaneous scaled harmonic mean function of its S-R and R-D channel gains. It 
has been shown in [73] that an efficient opportunistic relaying protocol can achieve the 
same Diversity Multiplexing Trade-off (DMT) as the all-relay participating transmis­
sion while still obtaining spectral efficiency. However, the best relay may be unavailable 
due to some scheduling or load balancing conditions. In this case, the decision may 
be made to use the second best relay or more generally the nth best relay. In [74], 
the performance of the nth best relay selection for the adaptive DF and AF systems 
are investigated. The closed form of error probability is derived for both DF and AF 
relaying schemes as well as the outage probability. In [75], Muller et al addressed the 
selection case without the direct S-D link which was based on different kinds of channel 
knowledge, including perfect, quantized and statistical CSI. The relay selection with 
the presence of a direct link is not a simple extension from the non-SD link case, be­
cause a direct link introduces cross-dependencies in the relay selection and significantly 
complicates its analysis. The performance for the relay network with a direct link was 
investigated in [76], where the DMT was analysed for different relaying schemes includ­
ing AF, DF and CF. The single relay selection scheme was generalized to multiple relay 
selection by Jing et al in [77], where the achievable diversity orders were derived for the 
multiple relay selection scheme assuming that the global CSI was available at the des­
tination and the complexity of the selection was investigated. It has been proven that 
the full diversity can be achieved with the proposed multiple relay selection schemes.
State-of-the-art approaches require global CSI to be available at the selecting entity 
for performing both relay selection and adaptive modulation, which results in a large 
amount of signalling overhead paid for both channel estimation and channel feedback. 
As a consequence, it reduces practicality of proposed approaches. Therefore, relay 
selection schemes based on partial channel knowledge are proposed to reduce the sig­
nalling overhead to further improve the performance of the system. In [72], partial CSI 
is used to perform relay selection to achieve higher spectral efficiency meanwhile guar­
anteeing the same diversity order as that of conventional cooperative scheme. In [78],
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a selection scheme based on SNR threshold is proposed, it is shown that the signalling 
overhead can be reduced dramatically while preserving the scheme performance. Adap­
tive modulation schemes using partial CSI in a relay network without a direct link were 
proposed and analysed by Muller et al in [79]. The spectral efficiency performances 
were illustrated. The performance of adaptive transmission schemes depends on the 
accuracy of CSI, reduction on CSI feedback causes loss on performance. The trade-off 
can also be observed through above works.
2.7 Opportunistic Channel Assignment and Spectrum  Shar­
ing
9ik
9m
Channel occupied by source 
Channel occupied by relay 
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Figure 2.6: The system model of the OCA relaying network with multiple sources and channel 
utilization model for spectrum sharing between the sources and the OCA relay.
In the relay-assisted cellular networks, the orthogonal relay forwards received signals 
through the channels, which are orthogonal to those allocated to the sources. Conven­
tionally, the relays are allocated with dedicated resources (time slots, frequencies, or 
spreading codes), which if underused result in loss of the spectral efficiency. Alterna­
tively, if the relays are allowed to opportunistically reuse the channels allocated to the 
sources, less or even no dedicated resources are needed for the relaying uses. This is 
the concept called relaying with Opportunistic Channel Assignment (OCA).
Fig. 2.6 shows an example of OCA relaying network, where a finite number of N  sources 
S  communicate over N  dedicated orthogonal channels to the destination D  with one
2.7. Opportunistic Channel Assignment and Spectrum Sharing 31
DF relay R  in the middle. The sources occupy their own channels while activated and 
the relay opportunistically accesses the idle channels to help with the transmission of 
the activated sources. Let S =  {Si, • • • , Sn } denote the set of all N  sources.
Unlike the concept of cognitive radio and cognitive relay [21,22,80], the OCA relay 
is not a secondary node but instead one of key players in the primary system. As an 
advantage, it has perfect knowledge of the channel usage without need of spectrum 
sensing. In an optimistic case when the channel usage is less than 50%, the OCA relay 
reuses the unused channels, and consequently improves the spectral efficiency. However 
in the worst case when the channel usage is 100%, the OCA relay has no resource to 
help the direct communications. In such situation, the system suffers performance loss 
in terms of both the diversity gain and coverage. In practice, the channel usage is 
a random parameter obeying a certain probability distribution. Then, it would be 
interesting to know whether or not the OCA relay improves the spectral efficiency. If 
yes, how much spectral efficiency gain is obtained? Motivated by the above questions, 
a few works have been done on OCA regarding to resource scheduling.
To the best of our knowledge, there is very few work so far directly related to the OCA 
relay. On the other hand, those contributions on opportunistic channel allocation 
and resource scheduling are useful tools for our investigation. The early work in [23] 
has investigated the time slot allocation in multi-user, single-relay and single-channel 
scenario. The maximum stable throughput of the proposed protocol has been derived 
and analysed from an information theoretic view. In [81], an opportunistic scheduling 
and frequency reuse algorithm is proposed for a relay-based cellular downlink model. It 
has been shown that a interference-limited spectral efficiency gain can be achieved by a 
time slotted frequency reuse protocol. A cooperation-based spectrum leasing model for 
cognitive radio has been proposed in [82], where the primary user shares a fraction of its 
channel resource with the secondary user in exchange for its assist to the transmission of 
primary traffic. The performance improvement of both the primary and the secondary 
systems can be observed. In [83] and [84], it has been proved that power allocation and 
subchannel assignment are separable to achieve optimal spectral efficiency without the 
direct S-D link, for a single-relay Orthogonal Frequency Division Multiplexing (OFDM) 
system.
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In [25], the spectral efficiency of the OCA relaying network was extensively investigated 
with various resource scheduling schemes to be adopted with DF relaying. The first 
resource scheduling scheme was the round robin, where the relay helps the source’s 
transmission one after one; the second one was joint channel and power allocation, 
where the relay allocated the available channels to as many sources as possible; the 
third one was best-user selection, where the relay always picked the source with the 
best S-R link to help. In addition, a combination of the above scheduling schemes 
with a power allocation algorithm were also included in the investigation for a fair 
comparison. All the scheduling schemes were aimed to maximize the spectral efficiency, 
satisfying different constraints. A practical channel usage model was adopted in the 
investigation. It was observed that the OCA relaying network efficiently reuse the 
underused channel resource and improve the spectral efficiency. The simulation results 
demonstrated significant performance gain up to 0.8 bits/s/Hz/user of the proposed 
schemes over conventional fixed relaying schemes. Also, the maximum communication 
delay of the considered OCA relaying network is evaluated. A trade-off between the 
spectral efficiency gain and the maximum communication delay can be observed from 
the simulation results.
2.8 Summary
In this chapter, the previous works on cooperative relaying were presented. We briefly 
reviewed the basic models of relaying system for cooperative communications. The 
performance of different relaying protocols in terms of diversity gain was derived. In 
addition, extended from the classic point-to-point communication system, the adaptive 
transmission techniques have been employed for cooperative communications. Some 
recently research work on this area was reviewed.
Adaptive transmissions for relaying network generally represent a more complex task 
since more than one channel have to be considered. One of the adaptive transmission 
techniques, namely adaptive modulation, has been investigated and analysed for relay 
networks. The quality of channel feedback is an essential element for the adaptive 
transmission techniques to achieve the performance. The performance degradation
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caused by imperfect channel feedback was discussed and investigated.
Due to the strong orthogonality requirement for relay network, the spectral efficiency 
decreases as the number of relays increases. To compensate the loss of performance, 
relay selection schemes are proposed, one of them is opportunistic relaying. Oppor­
tunistic relaying chooses the best relay out of all available relays. It is proven that 
opportunistic relaying can achieve the same diversity order as the all relay partici­
pating scheme but provides a higher spectrum efficiency. Selection schemes based on 
different type of CSI have been proposed to reduce the signalling overhead and further 
improve the spectral efficiency. A trade-off between the amount of CSI and spectral 
efficiency has been observed. To improve the spectral efficiency of relaying network, 
adaptation transmission and relay selection scheme are employed. However, the main 
drawback such as imperfect channel feedback and signalling overhead still remain un­
solved, which motivated us to consider a relay selection scheme with limited channel 
feedback.
To further improve the spectral efficiency for the relaying network, opportunistic chan­
nel assignment and spectrum sharing are considered. An interesting question about the 
dedicated relay channel has been raised. An OCA relay is an intermediate wireless node, 
which forwards messages through temporarily unused channels. The spectral efficiency 
of OCA relay largely depends on the channel usage. Recently research work shows that 
the OCA relay can outperform the conventional fixed relay when the practical channel 
usage is considered.
Chapter
Relay Selection for Modulation-adaptive 
Opportunistic DF Relaying Using Mixed 
Channel Knowledge
Recently developed adaptive modulation schemes for opportunistic DF relaying require 
knowledge of instantaneous CSI of all links. This chapter aims at reducing signalling 
overhead of modulation-adaptive opportunistic DF relaying through exploitation of 
mixed channel knowledge. A novel semi-deterministic approach is proposed for per­
forming joint rate adaptation and best relay selection. The selection process employs 
two criteria using mixed channel knowledge. A new metric namely the probability of 
missing the best relay (PMBR) is introduced, as only when the best relay is selected, 
the full diversity can be achieved. It is shown that the proposed approach can achieve 
a good trade-off between the spectral efficiency and signalling overhead.
3.1 Introduction
Opportunistic relaying is a best-relay forward protocol proposed in [73]. The basic idea 
is to select the best out of all available relays, which offers maximal achievable rate 
and spectral efficiency and/or minimal error probability. It has been shown in [73] that
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an efficient opportunistic relaying protocol can achieve the same DMT as the relay- 
by-relay transmission with the gain of improved spectral efficiency. In order to further 
improve the spectral efficiency, a number of adaptive modulation schemes [85] [49] have 
been developed for opportunistic relaying protocols. For example, Hwang et al. have 
proposed in [65] a rate-adaptation approach for opportunistic AF protocol; Zhang et 
al. have proposed in [62] a joint relay selection and adaptive modulation scheme for 
opportunistic DF protocol. This work has been recently extended to a more general 
case in [6 8 ] with optimization issues being carefully investigated. On the other hand, 
state-of-the-art approaches often assume instantaneous CSI of all links to be available 
for performing both relay selection and adaptive modulation. It requires a large amount 
of signalling overhead paid for both channel estimation and channel feedback, and as a 
consequence it reduces practicality of proposed approaches. Our work strives to reduce 
significantly the signalling overhead through exploitation of mixed CSI.
Key contribution of this chapter lies in a novel joint relay-selection and rate-adaptation 
approach proposed for the opportunistic DF relaying protocol, which is an extension 
to our earlier work presented in [6 8 ]. The basic idea is based on a two-stage process. 
At the first stage, a set of relays are selected based on the p.d.f. and c.d.f. of channel 
quality of S-R links, and requested to send training sequences for channel estimation at 
both the source and the destination. At the second stage, the relays send the channel 
knowledge of selected S-R links to the destination in order to assist the best-relay 
selection according to the criterion of spectral efficiency. In addition, a new metric 
namely the PMBR is introduced to analyse the performance of the proposed scheme, 
as PMBR indicates the probability that the full diversity gain can be achieved. A 
trade-off between the spectral efficiency and signalling overhead can be observed. It 
is shown that this two-stage process can effectively reduce signalling overhead whilst 
maintain reasonable performance in terms of the spectral efficiency.
3.2. System Description and Problem Formulation 36
Figure 3.1: Multi-relay cooperative communication system model.
3.2 System  Description and Problem  Formulation
3.2.1 S ystem  M odel
Consider a multi-relay network accommodating a source (S), a destination (D) and N  
DF relays (Rs). All of communication devices are equipped with single antenna. The 
channel coefficient of S-R* link, i=i,2,-,iv, is denoted as hi, and the channel of R%-D link 
is denoted as ho denotes the channel coefficient of the S-D link. It is also assumed 
that AWGN terms of all links have zero mean and equal variance (Wo).
The system can adaptively switch between the Direct Transmission (DT) mode and 
the best-relay DF mode based on the decision of relay selection. In the DT mode, the 
source transmits signal, xs, to the destination while the relays stay idle. The received 
signal at the destination can be expressed as
2/sd — hoxs +  Ugj, (3.1)
where usd is the AWGN term of the S-D link. In the DF mode, the transmission consists 
of two time slots. In the first time slot, the source broadcasts the signal and the received 
signal at the ith relay is
VsTi — hiXs +  vsri, (3.2)
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In the second time slot, the selected best relay decodes ysri and re-encodes it as xVi, 
then transmits xri to the destination. The destination receives
2/rid — 9ixri +  ^ d -  (3-3)
To perform the relay selection process, the destination is assumed to be aware of the 
statistic channel knowledge of the S-R links (i.e. p.d.f. and c.d.f.). The relay selection 
is performed as a two-stage process at the destination. In the first stage, a set of relays 
are selected using the statistic channel knowledge of S-R links and requested to send 
training sequence to estimate the channel at both the source and the destination. In 
the second stage, the set of relays send the instantaneous channel knowledge of selected 
S-R links to the destination to select the best relay in terms of spectral efficiency.
Since adaptive modulation schemes are employed at both the source and relays, the 
modulation size may be different for ysd and yrid. MAP detection proposed in [62] is 
used at the destination to combine %/sd and yrid in order to achieve maximum distributed 
spatial diversity gain. We use the spectral efficiency as a criterion as proposed in [6 8 ].
3.2 .2  A d ap tive M od ulation  for T h e D F  M ode
A practical adaptive modulation scheme is applied subject to a given target BER 
and transmitting power constrain for the source and relays. According to [8 6 ], the 
performance of optimal rate adaptation with constant power is almost the same as 
optimal rate adaptation with adaptive power allocation, so adaptive power allocation 
is not considered here.
The problem of interest is to find the maximum of spectral efficiency for the DF mode 
when the ith relay comes to help. Mathematically, it can be expressed as
max rf s.t BER* <  BERtarget, (3.4)
ks,ki
where ks = log2 (Ms) and k% — log2 (M*) denote the number of bits per symbol of the 
modulation scheme for the source and the zth relay respectively, rf denotes the spectral 
efficiency when ith relay comes to help, BER* denotes the overall BER when the ith 
relay is selected and BERtarget denotes the target BER.
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It can be straightforwardly proved that BER* is the weighted sum of conditional BER 
for two case. Case 1 is the relay correctly decodes the signal; Case 2  is the relay 
erroneously decodes the signal. Then, BER* can be expressed as
BER* =  Pr(Case l)BER|case i +  Pr(Case 2)BER|case 2 , (3.5)
where Pr(Case 1) +  Pr(Case 2) — l. Since BER expressed in (3.5) is too complex and 
not tractable, we propose an upper bound for the overall BER in (3.5) as
BERip =  BER|case i +  Pr(Case 2) >  BER’. (3.6)
The tightness of the bound depends on how much the probability Pr(Case 1) is close to 
1, in other words, how good the S-R link is. If the selected relays have a good chance 
with high quality S-R link, the tightness of the bound can be guaranteed.
Then, the optimization problem for adaptive modulation in [6 8 ] can be reduced to
Vr = argmaxjV} s.t. BER*up < BERtarget, (3.7)
In fact, Pr(Case 2) is equal to the BER of the transmitter to the ith relay link. A 
necessary condition for the constraint in (3.7) to be satisfied is Pr(Case 2 )<  BERtarget- 
Solving (3.7) only produces a sub-optimal solution to (3.4). Nevertheless, the proposed 
adaptive modulation schemes outperforms the conventional non-adaptive DF in terms 
of spectral efficiency.
Consider the source employing a modulation set with the size of Ms, and the ith relay 
employing a modulation set with the size of M , which may be different to Ms with 
respect to various channel conditions. The symbol duration is fixed to T  for all the 
transmissions (i.e. the corresponding Nyquist bandwidth W  = 1 /T .  When the system 
operates in the DT mode, the spectral efficiency rj0 is
tf> = =  logs (Ms). (3.8)
Adaptive modulation for the DT mode is the same as that for the point-to-point com­
munications. It has already received satisfactory answer in the literature (e.g., [43]). 
When the system operates in the DF mode, the number of Bits per Symbol (BPS) 
is ka = log2 (Ms) for the source, and =  log2 (M^) for the ith relay. Note that the
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total number of bits per block is fixed to (Bks). The block duration for the source 
transmission is BTS, and for the relay transmission is (BTsks)/ (ki). Then, the spectral 
efficiency of the DF mode can be calculated as
rf =  bits/s/Hz. (3.9)
kg T kî
In [6 8 ], the optimization problem of (3.7) has been solved with the assumption that CSI 
of all links are available. However, it results in a large amount of signalling overhead. 
In the following section, we proposed a relay selection scheme using mixed channel in­
formation to reduce the signalling overhead while maintain an acceptable performance.
3.3 Relay Selection Based on M ixed Channel Knowledge
3.3.1 T he P rop osed  A pproach
The rationale behind the proposed approach is that only those relays with comparably 
good channels have a decent chance to be selected and feedback their channel quality 
knowledge to the selecting entity. To exploit this idea, a novel relay selection scheme 
using mixed statistic and instantaneous channel knowledge in two selection stages is 
proposed. In the first stage, a set of the relays, namely the candidate set S  is decided 
by only including those relays meeting certain selection criterion. Two selection criteria 
are introduced: Criterion I is based on pre-determined thresholds to include the relays 
that have a good chance for a high quality S-R link; For Criterion II, the relays are 
ordered according to the statistic channel knowledge in a non-increasing way and the 
best k relays are included in S. In the second stage, the relays in S  forwards their 
channel information to the destination to perform the best-relay selection and adaptive 
modulation.
3.3 .2  C riterion I
In the first stage of the selection, the source broadcasts a training sequence to obtain 
the instantaneous channel knowledge of the S-D link qso at the destination, which can
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be used to set up the SNR threshold 7 th as
7 th =  C7 sd, C E R+, (3.10)
where C is the constant used to scale the SNR threshold according to the demanding 
of services. Assuming the statistic channel knowledge of the S-R links (i.e. p.d.f.) is 
available at the destination, the probability that the instantaneous S-R channel quality 
of the ith relay exceeds 7 th, Pr(7 sRi > 7 th), can be obtained. Then, the relays with 
Pr(7 sRi > 7 th) larger than the probability threshold Vt are included into S. The 
condition of the ith relay being in the set S  can be expressed as
Pr(7SRi > 7th) > Vt- (3.11)
3.3 .3  C riterion II
Since the statistic channel knowledge is available, the relays can be ordered according 
to the average SNR of S-R links, then the best k relays with better average SNR are 
included in S  for the second stage of the selection process. After determining S', all the 
relays in S send their instantaneous S-R channel quality knowledge to the destination 
in the second stage, meanwhile training symbols from those relays are sent to the 
destination to provide the instantaneous channel quality information of R-D links to 
the destination to perform the best-relay selection and adaptive modulation.
These two criteria introduce a problem that the actual best relay with the highest 
instantaneous channel quality may not be included in S in the first stage of the process 
then be missed in the second stage, which results in a loss of performance. Thus an 
important metric as the probability of missing the best relay (PMBR) is introduced 
to analyse the two selection criteria. Then the problem addressed in (3.7) can be 
developed into
7]r = arg maxlV} s.t. BERJ^ < BERtarget and PMBR =  Cm, (3.12)
where Cm E [0,1] is a constant value determined by the system set-up such as the 
values of the threshold and the size of S. For Criterion I, the advantage is that the
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size of S  change dynamically according to the channel quality, which is more efficient 
in relay selection compared with Criterion II with a fixed size of S. On the other hand, 
Criterion II can significantly reduce PMBR by setting the size of 5  to a reasonable 
number.
3.3 .4  S ta tistic  o f T h e C andidate Set S
The first stage of the proposed relay selection scheme is to determine the candidate 
set S', so it is important to obtain the statistic behaviour of S  in terms of c.d.f. and 
p.d.f.. These results can be used to analysis the system spectral efficiency and signalling 
overhead. Although the proposed scheme is applicable to various channel models, to 
make analysis more tractable, it is assumed that each device-to-device link experiences 
frequency-flat Rayleigh-fading channel. Let 7 ab and 7 ab denote the instantaneous and 
average received SNR of the a-b link respectively, then 7 ab follows the exponential 
distribution, with common p.d.f. and c.d.f. given as in [1]. The condition in (3.11) 
then can be expressed as
Pr(7 SRi > 7th) =  1 -  #ysiq (7th) =  e 7SRi > Vt, (3.13)
where Vt is the probability value for the threshold, F7SR. denotes the c.d.f. of jsRi- 
According to (3.10) and (3.13), the probability of the ith relay R  ^being in the candidate 
set S  can be expressed as
Pr(Rj € S) =  Flsn( - ^ - \ n v') = 1 - ( 3 . 1 4 )
Let |S'! denote the number of relays in S, defined by |5| =  card{k, such that Pr(7 sRik > 
7 th) > Vt}, where card is the cardinal operator. When \S\ = 0, the system works in 
DT mode. When |5| > 0, the system will perform the selection as (3.7) within the 
relays in the set of S  only.
Then the probability that no relay being selected in the first stage and the system 
switches to DT mode can be given as
N
PrDT =  I I ( 1 - Pr(R« e S ))- (3.15)
n=l
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where N  is the number of relays. In the other hand, the probability that the number 
of relays in S  is not zero and relays participating in the second stage of selection can 
be obtained
N  N —k
PrDF = E  (H  n  (1 -  e S’)) X n  MRm e S). (3.16)
k — 1 n = l  n = l
3.3.5 P rob ab ility  o f  M issing  T he B est R elay
PMBR can be interpreted as that the relay with maximum instantaneous S-R channel 
quality is not included in S. The following results for the p.d.f. of the order statistic 
for a set of independent random variables can be used in determining the statistics of 
this situation.
Let X i ,X 2, . . . ,Xjy denote N  independent random variables. The corresponding or­
der statistic are obtained by arranging them in a non-increasing order, denoted by 
X r i , X r2, . . . ,  X rN. Thus, X ri denote the largest of all the N  variables. Let fj(z)  and 
Fj(z) denote the p.d.f. and c.d.f. of random variable Xj.  The p.d.f. of maximum 
statistic, Z  = X ri , is then given by [87]
f z l (z ) = 5 3  5 3  J I  (3-17)
1=1  i l , î 2 , . “ )ÎJV -l j = l
where • • •, în - i € {1,2, . . . ,  N }  — I. Thus the probability that the ith relay has 
the best S-R link channel quality can be expressed as
roo nx
7% =  / /  /pWAsRiMdzda;, (3.18)
Vo Vo
where / 7SR. (æ) is the p.d.f. of ith S-R link with mean qgR.. For Criterion I, as 7 sd and
7 SRi are independent, the probability of ith relay being the best relay and included in
S  can be simply expressed as multiplication of (3.14) and (3.18). Finally PMBR can 
be written as
N
PMBR =  1 -  E  Pi • Pr(Rj € S). (3.19)
i = l
Similarly, for Criterion II, PMBR can be expressed as
k  /.on />'r -ZV N —1
PMBR
T  roo rx ^  -L
=  1 - E  /  /  E / ' W  E  n  f i j W A s a , (3.20)
*=1 ® ® 1=1 û V z v V j v - i  3=1
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3 .3 .6  Spectral E fficiency and Signalling O verhead
In [6 8 ], all channel information needs to be signalled to the destination, which results in 
a total signalling overhead of 2N  + 1  frames for every block of information transmitted
in the network, where N  is the number of relays. With the proposed relay selection
scheme, the average signalling overhead can be reduced to
F  = 2|S| x PrDF + 1, (3.21)
where IS] is the average number of relays in set S, which can be expressed as
N  N - k  k
1^1 = E  (0  I B 1-  Pr(R" 6 S)) n Pr(Rn e S). (3.22)
f c = l  n—1 n = l
The average spectral efficiency of a point-to-point adaptive modulation system applying
L modulation schemes, 77, can be calculated as [49]
L
V = y j \°gi2Mr‘) Vn, (3.23)
n = l
where Mn is the constellation size of nth modulation scheme and Vn is the probability 
that nth modulation scheme is chosen for transmission. When the relay comes to help 
the average spectral efficiency can be rewritten as
L
n = Y . rf in n ,  (3.24)
n = l
where 7]n is the overall spectral efficiency when ith relay is selected, and Vf are 
the probabilities that the source and the relay transmit with corresponding rate re­
spectively. Compared with conventional opportunistic relaying system, a loss of per­
formance in terms of spectral efficiency is introduced by missing the best relay in the 
first stage of selection. Let rjcsi denote the average spectral efficiency of the adaptive 
modulation for opportunistic relaying with full channel quality knowledge. Then the 
average spectral efficiency of the proposed selection scheme can be written as
Va v g  =  7?csi • (1 — PMBR). (3.25)
Referring to (3.14), it is shown that the value of \S\ depends on the set up of thresholds 
7 th and P .t. If 7 th and Vt are increased, the size of S  will be decreased which leads
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to a reduction in signalling overhead. However, the pay is that with decreased number 
of relays in S, the probability of missing the best relay increases and causes more loss 
in the spectral efficiency. In the next section, the simulation results show the trade-off 
between the overall spectral efficiency and the signalling overhead.
3.4 Simulation Results
In this section, computer simulations are carried out to evaluate the performance of the 
proposed scheme. The benchmark of comparison is the adaptive direct transmission 
as well as adaptive DF relaying with full channel knowledge. All the channels in the 
network are modelled as independent Rayleigh block fading channels. The block length 
is set to be B =  96, BERtarget — 10-3 , Vt = 0.9 and QPSK, 16-QAM, 64-QAM, 
256-QAM are used for adaptive modulations and relay selection.
Experiment 1 : The objective of this experiment is to examine the proposed scheme 
with discrete-rate adaptation for Criterion I. The performance of spectral efficiency for 
the proposed scheme is illustrated with that of the full channel knowledge scheme. In 
Fig. 3.2, the system is configured as: Relay 1 is placed at the middle between the 
source and destination; Relay 2 is placed closer to the source and Relay 3 is placed 
closer to the destination. This system configuration results in that the average SNR 
of S-R link to be 6  dB, 12 dB and 2.5 dB higher than that of the S-D link for Relay 
1, Relay 2 and Relay 3 respectively. In 1-relay case, only Relay 1 is considered. In 
2-relay case, Relay 1 and Relay 2 are used. Fig. 3.2 shows that the performance of full 
channel knowledge servers as an upper bound. As C is the constant integer to scale the 
threshold and the the size of £, it can be observed that a looser SNR selection threshold 
(i.e. C = l) has better performance than that of a tighter SNR selection threshold (i.e. 
C=2). It is mainly because that a looser selection threshold includes more relays in 
S  than a tighter one, which reduces PMBR. However, more relays in S  cause more 
signalling overhead since more channel knowledge of S-R links need to be sent to the 
destination. It is illustrated in Fig. 3.3 that the average number of relays selected in S  is 
reduced as the selection threshold Vt increases. A reduction of signalling overhead can 
be easily observed from Fig. 3.3, compared to the conventional adaptive modulation
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relay network. With Vt being set to 0.9, the signalling overhead can be reduced by 
half. Also, it is shown by the simulation results that there is a trade-off between the 
signalling overhead and spectral efficiency, which is affected by the selection thresholds. 
Higher threshold further reduces the signalling overhead meanwhile increases the loss 
in spectral efficiency.
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2-relay  Partial CSI C=2 
•©•• •  3 -re lay  Partial CSI C=2 
-4—  1 -relay  Partial CSI C=1 
•«—  2-relay  Partial CSI C=1 
•©■ ■ -  3 -re lay  Partial CSI C=1 
- 4 —  1-relay  full CSI 
- $ —  2-relay  full CSI 
—  3-relay  full CSI
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Figure 3.2: Spectral efficiency of the modulation-adaptive cooperation scheme with relay se­
lection Criterion I as a function of the average SNR of S-D link. The average SNR 
of the S-R links are 6 dB, 12 dB and 2.5 dB higher than the S-D link Relay 1, 
Relay 2 and Relay 3 respectfully. C is the constant integer to scale the threshold.
Experiment 2: The objective of this experiment is to examine the proposed scheme for 
Criterion II, the total number of relays is 10 and the average SNR of S-D link is fixed to 
10 dB. The relays are ordered in a decreasing manner according to the average SNR of 
S-R link, such that 71 > 72  > • • • > 7 iv- All the relays are placed in different positions 
close to either the source or the destination. In such a scenario, the average S-R SNR 
increases in the step of 1 dB for differently placed relays and the minimum average 
SNR of S-R 7 iv varies from 0 dB to 20 dB. Fig. 3.4 shows the spectral efficiency of 
criterion II with different sizes of S. It can be observed that as the size of S  is increased 
the performance is improved. Also it is shown that the performance achieves almost
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Figure 3.3: Average number of relays used for relay selection criterion I as a function of the 
threshold probability, with totally 2, 3 and 10 relays in the system. Pt is the 
threshold probability.
the same level as the scheme with full channel information, when k is large enough to 
make PMBR negligible. This observation is illustrated in Fig. 3.5. It is shown that a 
reasonable number of relays (i.e. 3) is enough to achieve almost the same performance 
as the scheme with full channel knowledge.
Experiment 3: The objective of this experiment is to investigate PMBR for both Cri­
terion I and II. As mentioned in the above sections, the statistic behaviour of S  affects 
PMBR. The case with 10 relays for Criterion I is investigated as shown in Fig. 3.3 and 
Fig. 3.6 , the average S-R SNR of the 10 relays range from 1 dB to 10 dB higher than 
the S-D SNR with an increasing step of 1 dB. For the cases of 2 relays and 3 relays, 
the system is configured as mentioned in Experiment 1. It is observed that increasing 
the threshold can reduce the number in S  and increase PMBR. Also the position of 
relays can affect PMBR, which means that more sparse the relays are, higher PMBR 
is introduced. For the case of 3 relays, since the relays are placed in a more sparse way 
compared to the case of 2 relays, higher PMBR is observed although more relays are 
involved in the selection. For Criterion II, it is shown in Fig. 3.7 that when the size
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Figure 3.4: Spectral efficiency of the modulation-adaptive cooperation scheme with relay se­
lection Criterion II as a function of the average SNR of S-R link. The average 
SNR of the S-D link is fixed to 10 dB, and the average SNR of the R-D link is 
the same as that of the S-R link.
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Figure 3.5: Spectral efficiency of selection criterion II as a function of the number of relays in 
S. The minimum average SNR of the S-R links are 10 dB, 16 dB and 20 dB and 
the average SNR of the S-D link is fixed to 10 dB .
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Figure 3.6: PMBR for Criterion I as a function of the threshold probability, with totally 2, 3 
and 10 relays in the system.
of S  is reasonable large, PMBR can be negligible and the same performance can be 
achieved as the scheme with full channel knowledge.
0.7
0.6
0.5
0.4
Q.
0.3
0.2
0.1
No of R elays
Figure 3.7: PMBR for Criterion II as a function of the number of relays in S  with totally 10 
relays in the system.
3.5. Summary 49
Experiment 4 ’ A signalling symbol requires at least 32 bits to represent a real channel 
coefficient, which is a main reason for the huge signalling overhead. To further reduce 
the signalling overhead, a scheme with limited channel feedback is proposed, where a 
channel indicator (3 bits) is used to inform the destination the instantaneous SNR of 
S-R links (see Table. 3.1). The proposed scheme always uses the floor value of the 
interval that the received indicator represents (i.e. 10.3 dB for (Oil)). In this way, 
the BER constraint can always be satisfied. In Fig. 3.8, it is shown that the limited 
feedback scheme leads to a degradation on the performance compared with the scheme 
of quantized full channel knowledge whilst further reduces the signalling overhead.
indicator SNR level indicator SNR level
(0 0 1 ) (-oo, -3) dB (0 1 0 ) [17.2,24.5) dB
(0 0 0 ) [-3, 3) dB (1 1 0 ) [24.5,29.5) dB
(0 0 1 ) [3, 10.3) dB (1 0 0 ) [29.5,36) dB
(Oil) [10.3, 17.2) dB (1 0 1 ) [36,oo) dB
Table 3.1: Lookup table for SNR indicator. The SNR threshold (10.3,17.2, 24.5, 29.55) dB are 
corresponding to the modulation sizes (4-QAM, 16-QAM, 64-QAM and 256-QAM) 
which satisfy the BER constraint of 10~3
3.5 Summary
In this chapter, we have presented a novel adaptive modulation scheme for opportunis­
tic DF relaying using mixed channel knowledge. The proposed scheme aims at re­
ducing signalling overhead of modulation-adaptive opportunistic DF relaying through 
exploitation of mixed channel knowledge. A novel semi-deterministic approach has been 
proposed for performing joint rate adaptation and best relay selection. Two selection 
criteria using mixed channel knowledge have been proposed. A new metric namely the 
probability of missing the best relay has been introduced to illustrate the relationship 
between the spectral efficiency and signalling overhead. It has been shown that the pro-
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Figure 3.8: Spectral efficiency of the modulation-adaptive cooperation scheme with quantized 
channel knowledge as a function of the average SNR of S-D link. The average 
SNR of the S-R links are 6 dB, 12 dB and 2.5 dB higher than the S-D link for 
Relay 1, Relay 2 and Relay 3 respectfully.
posed approach can reduce the signalling overhead by more than 50% while almost the 
same spectral efficiency can be achieved comparing with the schemes with full channel 
feedback.
Chapter
Error Propagation Reduction For DF 
Relay Using Correlation Information
This chapter presents a novel iterative decoding algorithm for DF relay to exploit 
the correlation knowledge between the source and the relay. The proposed scheme 
aims to mitigate the error propagation introduced by the relay node through iterative 
decoding at the destination. The simulation results show that the proposed scheme can 
significantly improve the performance compared to conventional DF protocols.
4.1 Introduction
Since the relay network was introduced by Van Der Meulen in 1970s [11], a lot of 
research effort have been paid to develop reliable and efficient relaying protocols [7]. 
Among all the relaying protocols, DF has the advantage of practical implementation. 
However, one of the most important issues for DF relaying is the performance limitation 
imposed by the error propagation due to erroneous decoding at the relay node. There 
are several inherent properties with the relaying network that make this problem in­
teresting: (1 ) the correlation exists between the data received at at the wireless nodes; 
(2 ) the wireless nodes can exchange information to increase the efficiency or reliability 
of the network; (3) To improve the scalability, the computation complexity has to be 
controlled for the wireless nodes, especially for the relay nodes.
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It has been shown that the correlation in information transmitted from the wireless 
nodes can be utilized to reduce the energy consumption for reliable data transmission 
from multiple sources to a common receiver [8 8 ]. The concept of Turbo decoding can be 
applied for the communication system with correlated information [89]. Various meth­
ods have been proposed to mitigate the effects of error propagation [90-92]. In [91], it 
has been shown that forwarding the soft information, instead of the hard decisions, can 
effectively mitigate the error propagation of conventional Distributed Turbo Coding 
(DTC) with the pay of decoding complexity and spectral efficiency. A more prac­
tical decoding structure is proposed in [92], where estimated source-relay correlation 
knowledge is utilised to update the soft information for iterative decoding at the des­
tination node. Later, the source-relay correlation estimation algorithm is extended to 
multi-relay scenario for wireless sensor network to improve the energy efficiency [93].
In this chapter, we add to this area by proposing an error-propagation reduction tech­
niques exploiting source-relay correlation knowledge with channel feedback. Comparing 
with the schemes in [92,93], the proposed scheme can omit the estimation process and 
achieves the same performance as the SNR increases. First, a turbo-like decoding 
structure is proposed to utilize the correlation knowledge. Then, it is proved that 
the conventional estimation method converges with the average correlation knowledge. 
The computer simulation results show that the proposed scheme achieve the same BER 
performance in Rayleigh fading channel as the conventional schemes with estimations 
in the moderate and high SNR range.
4.2 System  M odel
The actual and equivalent block diagrams of the system considered in this chapter is 
shown in Fig. 4.1. At the source node, the data sequence is first encoded by channel 
code ENCS using turbo principle, and modulated by Binary Phase Shift Keying (BPSK) 
to obtain the modulated sequence xs. Then, xs is transmitted to the relay and the 
destination in time-slot 1. The relay decodes the source information and forwards a re­
encoded version of the source information. Note that the message obtained by the relay 
is a erroneous version of the message of the source. Thus, the binary data sequences
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Figure 4.1: The actual and equivalent block diagrams of the proposed system. ENCS and 
ENCr are the encoders at the source and the relay nodes respectively, DECr is 
the decoder at the relay node.
emitted from the source and the relay are correlated with each other as shown in the 
equivalent block diagram. The relay-recovered binary sequence is then encoded by 
turbo code ENCr and modulated by BPSK to generate the signal sequence xr. ENCS 
and ENCr are two identical half-rate turbo encoder with generating polynomial of (6  
13). DECr is a simple turbo decoder with reduced complexity and the iteration is 
minimized to 2. In the considered scenario, the S-R and S-D links are assumed to be 
very weak due to heavy shadowing and/or long distance. In such scenario, the simple 
turbo decoder is employed to reduce the error probability at the relay node for the low 
SNR case with a low complexity. After receiving the the signals from the source and the 
relay nodes, the destination performs joint turbo decoding exploiting the correlation 
information to retrieve the original data sequences from the source.
The discrete-time equivalent expression of the received signals at the relay and at the 
destination can be expressed as
l/sd — hsdXs +  Ugd,
Vsv — hsrxs +  vsr, (^*1 )
2/rd ~  hr(^ Xr T  t?rd>
where ysd, 2/rd and ysv are the received signals at the destination and the relay respec­
tively, h is the independent complex fading channel gains of the corresponding physical
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channels, and v is the AWGN with zero mean and variance A/q. Please note that the 
subscripts sd, Sr and rd stand for the source-to-destination, source-to-relay, and relay-to- 
destination links, respectively. We assume that the block Rayleigh fading is adopted, 
thus the channel gain h remains constant over one block and varies independently 
between the successive blocks.
A simple coin-flipping model is employed to describe the correlation between the 
source’s message xs and the relay’s observation xv as in [89]. The binary source message 
xs can be denoted as xs =  [6g, . . . ,  bf], where K  is the length of source’s message.
Similarly, xY can be denoted as xr = [6 ,^ 6^, . . . ,  b^]. Then, the observation of the source 
message at the relay node can be expressed as
Since the correlation information between the source and the relay is modelled by the 
bit-flipping model, it is quite straightforward to obtain the conditional probability of
$  = b*®ek,k  = l ,2 , . . . ,K , (4.2)
where 0  stands for a modulo 2 addition and efc € (0 , 1} is the errors introduced by the 
relay decoding for the kth bit. Let pe denote the error probability of the relay node, 
the probability distribution of efc can be expressed as
where the value of pe is in the range of [0,0.5] and is independent of the value of b*.
b* and i>, as
Pr(i>* =  0|6? =  1) =  Pr(6j  =  l|i>* =  0) =  pe,
(4.4)
Prf&j =  0 |6? =  0 ) =  Pr(i>j =  l |6j  =  1 ) =  1 -  pe.
Then, the source-relay correlation can be expressed as
(4.5)
4.3 Decoding w ith Correlation Information
A block diagram of the proposed joint turbo decoding with correlation information 
is illustrated in Fig. 4.2. The received signals at the destination are first converted
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Figure 4.2: The block diagram of proposed DTC decoder. DECS and DECr are decoders for 
ENCS and ENCr used by the source and the relay respectively.
into LLRs as (2.21) by soft demodulation [94,95]. The obtained LLR sequences L(t/Sd) 
and L(yrd) are then fed into the Soft-Input Soft-Output (SISO) decoders DECS and 
DECr, corresponding to the source encoder and relay encoder respectively. Bahl-Cocke- 
Jelinek-Raviv (BCJR) algorithm is used to obtain the a posteriori LLR of the infor­
mation bits. Iterative decoding is performed by the decoders. There are two kinds of 
iteration performed at the destination, namely Local Iteration (LI) and Global Iteration 
(GI). In LI, the extrinsic LLRs are exchanged inside DECS and DECr between the con­
stituent decoders. The extrinsic LLRs generated from the Lis are further exchanged via 
GI to exploit the correlation information between bs and br. An LLR update function 
f(L ,p )  is proposed to generate a priori LLRs using correlation information and the 
obtained extrinsic LLRs during GIs. After GI is performed, the updated a priori LLRs 
are then fed to DECS and DECr for LI decoding.
At the relay node, to avoid high complexity decoding process, the signal is decoded 
with a small number of iteration and the hard decision is then performed on the output 
of the decoder to obtain the binary information bits br. Since br is obtained by weak 
decoding process, it it very likely that there are errors between bs and br, which is 
modelled as in (4.3).
Given the error probability in (4.4), the following equations can be obtained to describe
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the soft information of br with bs and pe
Pr(br = 0)  =  ( 1 -  pe)Pr(bs =  0) +  pePr(bs = 1), (4.6)
Pr(br =  !) =  ( ! -  pe)Pr(bs = 1) +  pePr(bs = 0). (4.7)
It can be obtained from (4.6) and (4.7) that the LLR updating function for br is
Lbr = j Pr(6r =  0)
a,update p r ^ r =  p j
_  In C1 ~  Pe) exp (-^g) +  Pe 
(1 -  Pe) + p e e x p (L |)
bs
— in ----------------------------  (4.8)
(1 + p ) +  (1  -p )e x p (L j)
where Lb£ is the extrinsic LLR output of the DECS for the source symbols. The LLR 
updating function for bs can be derived in a similar way.
4.4 The Source-Relay Correlation Knowledge Estim ation
When pe is unknown at the receiver, an threshold-based estimation method is proposed 
in [89] to obtain pe, by using the a posteriori LLRs of the uncoded bits bs and bv based 
on the output of the decoders as
p =  l y '  exP(Lp) +  exP(£ p) f4 m
N  n=i [1 +  exp(L^)] [1 +  exp(L^)] ’ 
where N  is the number of LLR values that exceed the pre-determined threshold. The 
threshold is imposed to limit the number of LLR values for calculation to guarantee 
the estimation reliability. The estimation accuracy mainly depends on the threshold 
hold set-up. If the threshold is set to a very high value, very few LLR values can meet 
the requirement and N  will approach to 0. If the threshold is set to a small value, 
a lot of unreliable LLR values will be included in the estimation and the accuracy 
can not be guaranteed. Thus, the main drawback of the threshold-based estimation 
method is that biased estimation results may be produced when different threshold 
values are applied. However, how to determine the optimal threshold is not discussed 
in the literatures [89,92,93].
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SNR range pe level SNR range pe level
(-oo , -14.5] 0.463 (-4.5,-3.5] 0.167
(-14.5, -10.5] 0.432 (-3.5,-2.5] 0.117
(-10.5,-9.5] 0.328 (-2.5,-1.5] 0.0429
(-9.5, -8.5] 0.308 (-1.5, -0.5] 0.00821
(-8.5, -7.5] 0.287 (-0.5,0.5] 0.000282
(-7.5,-6.5] 0.263 (0.5,1.5] 0.00000123
(-6.5,-5.5] 0.236 (1.5, +oo) 0 .0 0 0
(-5.5, -4.5] 0.205
Table 4.1: Look-up table for p e with channel information. The SNR thresholds are corre­
sponding to the p e obtained through S-R link training.
To avoid the unsolved issue of threshold-based estimation method, we propose to exploit 
the CSI to estimate the correlation information. The pe value is an indication of the 
channel quality of source-relay link. When transmitting over quasi-statistic fading 
channels, the block-wise constant fading coefficient and the power of AWGN determine 
the received SNR for each transmitted block, which can be used to estimate the pe 
value at the relay. In Table 4.1, an example of the quantized SNR corresponding to 
pe values is shown. The look-up table pre-stores the pe values for the quantized CSI. 
In order to find the relationship between pe and the S-R CSI, we designed an off-line 
training experiment employing the less complex decoding algorithm at the relay and 
an non-fading AWGN channel. We found that when a relatively strong code is used 
and the block-length is long, the error probability converges with the threshold-based 
estimated results, especially at a high SNR range. Thus, the channel information is 
able to provide a relatively accurate estimation on pe.
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4.5 Simulation Results
4.5 .1  C onvergence P rop erty
Fig. 4.3 and Fig. 4.4 illustrate the estimated pe and the Mean Square Error (MSE) of 
the estimation with various threshold set-up, where 2  Lis and 5 GIs are implemented 
while decoding. The relay is placed in the middle between the source and the destina­
tion, which makes the SNR of S-R link and R-D link 6 dB higher than that of S-D link. 
As shown in Fig. 4.3, the pe value decreases as the SNR increases and converges as 
SNR approaches 0 dB for all the threshold configuration. In Fig. 4.4, the MSE of the 
estimation also converges as the SNR increases. Furthermore, the rate of convergence 
depends on the value of the threshold, since the threshold affects the number of samples 
and the reliability of the estimation as given in (4.9).
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Figure 4.3: The threshold-based estimation of pe with various threshold set-up and block- 
length=10 0 0 .
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Figure 4.4: MSE of estimation pe with various threshold set-up and block-length=1000. 
4.5 .2  B E R  Perform ance
Fig. 4.5 illustrates the BER performance of the schemes exploiting correlation informa­
tion comparing with conventional selective DF relaying. In this simulation, a half rate 
turbo code is used for all the encoders, the block-length is set to be 1 0 0 0  bits and 1 0 0 0 0  
blocks are transmitted from the source. To demonstrate the performance gain achieved 
by exploiting the source-relay correlation, the BER curve of conventional selective DF 
relaying is provided, where the relay only forwards the signals that can be correctly 
decoded at the relay. The performance of threshold-based estimation scheme is also 
illustrated, where the threshold is set to 2 .0  and 10  iterations are used for the estima­
tion. The ideal scenario with known pe is used as the upper bound for comparison. It 
can be observed that the schemes exploiting correlation information can achieve a 2 dB 
gain over the conventional scheme at BER of 10“4. A lower BER threshold is used for 
the coded system comparing to the uncoded system in previous sections. Furthermore, 
it is found that the BER curve obtained by using channel information is very close to 
that of using actual pe and threshold-based estimation.
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Figure 4.5: BER performance in block Rayleigh fading channels and block-length=1000. The 
relay is placed in the middle between the source and the destination.
4.6 Summary
In this chapter, we have presented a novel iterative decoding algorithm exploiting cor­
relation information. The proposed algorithm aims to mitigate the error propagation 
at the relay through the channel information and source-relay correlation. By mod­
elling the source-relay correlation as a bit-flipping model, an LLR updating function 
is employed at the destination to eliminate the error propagation from the relay node. 
It is shown that the proposed algorithm can outperform the conventional selective DF 
relaying in the term of BER performance.
Chapter
Improving Spectral Efficiency of DF 
Relay Using Coordinated Spectrum 
Sharing
5.1 Introduction
Half-duplex orthogonal relay often utilizes dedicated resources to help source-to-destination 
communications, and such system configuration results in inefficient utilization of the 
system bandwidth. On the other hand, the spectral efficiency is likely to be improved if 
the relay is allowed to share the bandwidth allocated to source-to-destination commu­
nications in coordinated manner. In this chapter, the relationship between the spectral 
efficiency and bandwidth dedicated to the relay is theoretically analysed. It is shown 
that, with the practical model of users’ channel usage, the spectral efficiency is maxi­
mized when the relay has zero dedicated bandwidth. Moreover, the spectral efficiency 
is investigated when combining the coordinated spectrum-sharing relay with various 
typical MAC-layer protocols, including round robin resource scheduling, incremental 
relaying employing type II hybrid automatic repeat request and source selection re­
laying. Monte Carlo simulations show that the DF-relay with coordinated spectrum 
sharing improves the spectral efficiency by at least 50% in comparison with the relay
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with dedicated bandwidth allocation, and this result confirms our theoretical analysis.
5.2 M otivation and Contribution
Wireless relay has been identified to be one of prominent means of improving the 
communication reliability and coverage [6,96]. In practice, half-duplex relay transmits 
information over wireless medium which is orthogonal to that allocated to users [7]. 
When the relay operates in the Time Division Duplex (TDD) mode, sufficient number of 
time slots must be dedicated for the relay’s uses. Analogously, dedicated bandwidth (or 
channels) has to be allocated to the relays operating in the Frequency Division Duplex 
(FDD) mode. Such orthogonal relaying protocols trade off the spectral efficiency for 
zero co-channel interference penalty. In order to improve the spectral efficiency of half­
duplex orthogonal relay, a number of physical-layer link-adaptation schemes have been 
developed in the literature (e.g. [68,97]).
Another potential method to improve the spectral efficiency of orthogonal relay is 
by allowing the relay to access temporarily unused user bandwidth in coordinated 
manner. Unlike the concept of cognitive relay adopting opportunistic spectrum sharing 
[80,82], the relay here is a part of the primary system. It can obtain the knowledge 
of users’ spectrum usage from the base station (or access point). Therefore, the relay 
is able to optimally reuse the users’ bandwidth; and the bandwidth dedicated to the 
relay can be potentially reduced. Key question arising from the above is: how much 
dedicated bandwidth does the relay need with the aim of maximizing the overall spectral 
efficiency?
Recent work on cognitive multiple-access in [23] has investigated the dynamic time-slot 
allocation in multi-user, single TDD-relay and single-channel scenario. The maximal 
stable-throughput of the cognitive multiple-access has been analyzed, which assumes 
the relay having dedicated time-slots. More recently, an opportunistic frequency sched­
uler has been proposed for relay-enhanced cellular networks in [81], where the relay 
serves its local users with underlay opportunistic frequency reuse. Spectral efficiency 
gain has been observed in the interference-limited environment. When FDD-relay net­
works adopt OFDM as the air-interface, joint sub carrier-pairing and power allocation
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schemes have been investigated in [83,84]. It has been shown that power allocation 
and sub-carrier assignment are separable to achieve the maximal spectral efficiency 
when the S-D link does not exist. The latest work on channel assignment protocols 
in [25] has investigated the relay with opportunistic channel assignment in multi-user 
and multi-channel scenario. The spectral-efficiency improvement of uncoded systems 
has been shown through simulations.
In this chapter, we consider a model of cellular network accommodating one base- 
station, one FDD DF relay, and multiple users. The users are allocated orthogonally 
on frequencies (or channels) within the user band. Principally, the FDD-relay operates 
within its own frequency band, however it is allowed to utilize the users’ frequencies 
when they are unoccupied. Our major contribution includes establishing the analytical 
relationship between the overall spectral efficiency and the bandwidth of relay band. It 
is shown that the relationship is a function of the users’ channel-usage probability and 
the relay dedicated bandwidth. As far as the practical model of users’ channel usage is 
concerned1, we find a practical example which maximizes the overall spectral efficiency 
when no dedicated bandwidth is allocated to the relay.
In order to elaborate the analytical work based on theoretical system model, we also 
investigate the spectral efficiency when combining the coordinated spectrum-sharing 
relay with various typical MAC-layer protocols. In the first relaying protocol, the 
relay helps the active users equally in both the time and frequency. The round robin 
scheme [101,102] is adopted for the relay to conduct user scheduling. In the second 
relaying protocol, the relay employs type II Hybrid Automatic Repeat Request (HARQ) 
[103,104] to help the users. In the last relaying protocol, the relay selects one or more 
users to help according to the selection criteria. Two selection criteria are considered, 
namely best source selection and joint channel and power allocation. Spectral efficiency 
of the proposed relaying protocols is theoretically investigated.
Finally, computer simulations are carried out to verify our theoretical results. Using the 
practical model of users’ channel usage, the simulation results show up to 50% spectral- 
efficiency gain when comparing the proposed relaying scheme with the conventional
1T h e  m odel is form ed based u p on  th e  m easured  d a ta  o f  practical cellular netw orks [98-100].
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relaying scheme. Moreover, it is observed that the type II HARQ based relay offers 
the best performance for SNR to be 6  dB or above, while the joint channel and power 
allocation scheme becomes the best for SNR to be lower than 6 dB.
5.3 System  M odel and Problem  Formulation
5.3.1 S ystem  M odel
Fig. 5.1 depicts the block diagram of an example of relay-assisted cellular networks 
consisting of a single Base Station (BS), a single half-duplex DF relay, and N  users (i.e. 
UEn, n e { i ,2 , . . . ,J V }  with I to bp the user index). The block diagram shows communications 
for both uplink and downlink. For the sake of conciseness, our technical presentation is 
mainly based on the uplink communications. We note that all of the technical results 
presented in this chapter can be straightforwardly extended to the downlink.
The uplink of relay-assisted cellular network is modelled as multiple sources (i.e. UEs), 
single relay, and single destination (BS) network. The uplink procedure consists of 
two stages. At the first stage, sources send messages to the destination through their 
allocated channels. At the same time, the relay listens the source’s channels and at­
tempts to decode the messages. At the second stage, the relay forwards the successfully 
received messages to the destination through its own channel. Conventionally, all chan­
nels are orthogonal to each other to avoid inter-channel interference, and the relay is 
not allowed to utilize the channels allocated to sources. However, such fixed channel 
allocation strategy could result in significant underuses of the spectrum particularly 
when the network is under loaded.
Alternatively, if the relay is allowed to utilize temporarily unused source’s channels, 
there is potential to improve the spectral efficiency of the cellular network by reducing 
bandwidth (number of channels) dedicated to the relay. Such flexible spectrum sharing 
scheme can be performed in coordinated manner.
Specifically, the system has in total N  channels allocated to the sources and K  channels 
dedicated to the relay. Prior to uplink transmission, both the destination (i.e. BS) and
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Figure 5.1: Block diagram of an example of relay-assisted cellular networks.
relay are able to know the number of active sources (denoted by N)  through common 
pilot channel. For the case oi N  < N, the destination will inform both the relay 
and sources in order to establish efficient way of access the unused (N  — N)  source’s 
channels. This communication setup should be timely updated by the destination with 
respect to the state of N.
Mathematically, the discrete-time equivalent form of the received baseband signals at 
either the destination or the relay is
ylsd) =  /4sd)^  +  t,<sd)
, n =  1,2,..., N ,  (5.1)
y ^  = ^ x n + v ^
where and yn Vi stand for the received signals at the destination and the relay 
respectively, xn for the transmitted signal from the nth source through the nth allocated 
channel, h for the state with respect to the corresponding physical channels, and v for 
the additive white Gaussian noise with zero mean and variance No. We note that the 
superscripts (sd), and (rd) stand for the S-D, S-R, and R-D links, respectively.
With the above system configuration, there are in total J(=  K  + N  — N)  channels 
available for the relay uses. Denote to be the signals sent by the relay through the
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j th relay channel (j E [1, J]). The received signal through the R-D link is
j 6 [ M -  (5.2)
It is worthwhile to note that the relay is not simply repeating the sources’ signal. 
For example, the relay might not transmit signals for some sources because of various 
reasons such as scheduling strategies and in case of unsuccessful decoding. Moreover, 
the relay is allowed to employ different modulation and coding schemes from the sources 
in order to improve the spectral efficiency [68,97]. In these cases, the term in (5.2) 
does not necessarily equal to xn in (5.1); but they are highly correlated.
The destination decodes messages from the sources by efficient combining xn and x ^
xn = ^ (x n,æjr)), Vn € G [1, J], (5.3)
where !?(-) stands for the multi-source decoder. In the general cases, the decoder can 
use MAP algorithm for optimal combining of x n and x ^  [62]. However, the decoder can 
employ optimal linear combining when the relay simply repeats the sources’ transmitted 
signal.
5.3.2 P rob lem  Form ulation
Consider the sources randomly switching between active and idle states. The data 
traffic of the sources is modelled as an ON/ OFF process. On the ON state, the source 
is active and occupies its allocated channel, while on the OFF state the source is idle, 
and its allocated channel is vacant. Denote S  to be the set of all active sources and pn 
the probability of UEn € S. When pn is identical Vn E [1, A"], the probability of having 
N  active sources is
^ = ( ^ ) / (1- P )W- *  (5-4)
In fact, Vfi is also the probability of having (N  — N)  vacant channels for potential 
reuses.
Suppose the relay employing all the J  available channels to help the sources. We 
introduce a N  x J  channel assignment matrix A  with its (n, j ) th entry, Anj ,  denoting
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the portion of the j th relay channel being allocated to the nth source, i.e.
N
An,j € [0,1] and Anj  =  1 . (5.5)
n = l
It is assumed that all the active users share the relay channels in orthogonal multiplexing 
manner in order to avoid multi-user detection at the destination.
One of interesting problems here is to understand whether or not there exists an op­
timum of K  such that the spectral efficiency of the considered network is maximized. 
If the answer is yes, then how to find the optimum of K  by configuring the channel 
assignment matrix A.
Denote Cn to be the Gaussian channel capacity of UEn-relay-destination channel. The 
spectral efficiency of the considered network with N  active users is
1 ^
SE(AT) =  J —  J 2  c n, UE„ € 5 . (5.6)
7 1 = 1
Taking expectation of SE(jV) over the channel fading and the ON/OFF process, we 
have the overall spectral efficiency
^ n T k ^ ^ ’ ^
= (5-8)
N = l  r e = l
1 N  N
=  )vT k E ( ^ E 7^ } ) .  (5-9)
JV =1 n=1
where E{-} denotes the expectation, and 7  the instantaneous SNR. Then, the problem 
of interest can be formulated by
K  = arg max SE. (5.10)
K
5.4 Spectral Efficiency Analysis and Optimization
The optimization problem (5.10) is very hard to handle in its general form. This 
is because: 1) the ergodic capacity Eln{Cn} can vary for different sources, and more
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importantly 2) the closed form of E7n{(7n} is not known in general to this date. However 
in practice [105,106]
• relay station is mainly deployed to cover heavily shadowed local areas. Hence, it 
is reasonable to assume: Al) the S-D link is negligibly weak in comparison with 
the S-R links and the R-D links, and A2 ) the ergodic capacities of S-R links are 
very close to each other.
• relay station is normally placed at somewhere having strong line-of-sight (LOS) 
link with the BS. For instance relay station is usually suggested to be placed 
on the top of building. In such case, we have: A3) the relay-to-BS link can be 
assumed to be quasi-static or more optimistically AWGN.
With the above assumptions, the ergodic capacity E7n{Cn} can be considered as almost 
identical for different sources. Hence, we can drop the subscript n in E7n{(7n} and 
rewrite (5.9) into
SÊ= E  famx,  AO ), (5.11)
N=1
with C(K, N)  =  Ehn{Cn}, which is a function of N  and K.
With the assumption Al), the capacity of Gaussian relay channel coincides with the 
maximum-how min-cut principle, and thus we have
C(K, N)  =  E{min(C(sr), C(rd))}, (5 .1 2)
7
=  [[°°  mm(C(sr>, C<rd>)/(7 <sr\  7 <rd>)d7 (sr>d7 lrd\  (5.13)
= E{Clsi'l} + r (K ,N )  (5.14)
where and are the Gaussian channel capacity of S-R link and R-D link
respectively, / ( ,  ) denotes (joint) probability density function (PDF) and F (if, N)  is
defined as
roo
F(if, W) A / (C M  _  C ^ ) / ^ ) ) ^ ) .  (5.15)
J 7oSr)
where is the S-R link SNR corresponding to The detailed derivation
can be found in Appendix A.
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Given the assumption A3), the capacity is a function of N  and K,  which can be
expressed _
c (rd) =  log2(l +  7 <rd>), (5.16)
and accordingly we have
7<sr) =  (1 +  7 ^ ) ^ ^  -  1. (5.17)
Plugging (5.14) into (5.11), the term SE is expressed by
JVpE{CM} w ,V~Nr(K,N)
SE= N + K  V N  + K
  ----------- '  N=1
It is clear that TÇk) is an monotonically decreasing function of K.  If G(K) behaviours 
the same, then we can simply have SE to be maximized for the case of AT =  0. Unfortu­
nately, the monotonicity or convexity of G(K) can be hardly identified in general since 
it involves a couple of uncertain parameters such as and / ( y ^ ) .  However, with 
the assumption of practical channel model, we can prove that G(K) is approximated 
to zero (the detailed prove can be found in Appendix B), and then we can have
S Ë t tT ( K ) .  (5.19)
Then, SE achieves maximum for K  = 0, which implies no dedicated resources allocated 
to the relay.
Moreover, in order to provide accurate modeling of the channel usage of the practical 
cellular network, the source channel usage probability p should be carefully identified. 
The real field measured channel availability c.d.f. is plotted in Fig. 5.2. With a off­
line training process, it is observed that p =  0.48 provides a close approximation of 
the practical channel usage model (as shown in Fig. 5.2). Therefore, in the following 
sections, the channel usage model of p =  0.48 is adopted to evaluate the performances 
of the proposed relaying protocols.
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Figure 5.2: CDF for the ratio of assigned relay channels in a practical channel usage model
5.5 Relay Combined with MAC-layer Scheduling Schemes
The spectral-efficiency analysis and optimization investigated in Secs. 5.3-5.4 provides 
the theoretical basis of designing cellular relay networks with coordinated spectrum 
sharing. However, the performance of coordinated spectrum-sharing relay also depends 
on the practical resource-scheduling protocols. Therefore, it would be interesting to ex­
amine the performances of combining coordinated spectrum-sharing relay with various 
MAC-layer resource scheduling schemes. With the pros and cons of various combina­
tions to be observed, it helps to identify the efficient scheme in specific scenarios.
5.5.1 R elaying w ith  R ound R obin  Scheduling
The first protocol of interest is the combination of coordinated spectrum-sharing relay 
with the Round Robin (RR) resource scheduling scheme. Main motivation of employing 
the RR scheme is that it strictly preserves the fairness among the sources, which is one 
of the important criteria for cellular network design. With the RR scheme, the BS
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schedules all the active sources in a circular queue, and the relay goes around the 
queue and allocates all the relay channels to the scheduled source for a fixed time 
duration. As long as one round of the circular queue is finished, the queue is updated 
by the BS according to the sources’ activity.
Assuming the relay having an ideal buffer to store all the messages from the sources, 
the objective of relaying with RR scheme is to maximize the spectral efficiency averaged 
only over fading channels
max SE(jV)
AT,A
^ ' j
s . t . ^ A nJ =  Vn, (5.20)
J=1
where Pj is the power consumed by the j th relay channel and Pr  is the total power 
allocated for the relay node. The first constraint of (5.20) represents the equal relay 
channel assignment between active sources, and the second constraint implies the max­
imum power consumed by the relay node. Using the analytical result in (B.2), the 
maximized spectral efficiency of RR scheduling with N  active users can be expressed
by
= n T k ^ C{SI^  (5-21)
It is clear that K  = 0 maximizes the spectral efficiency for the RR scheme.
5.5 .2  Increm ental R elaying w ith  T yp e II H A R Q
Incremental Relaying (IR) increases the efficiency of utilizing relay resource by exploit­
ing the channel time diversity. Type II HARQ mechanism [103] is employed at the 
relay for the IR protocol. Specifically, the process of IR is described as following:
The coded message of the source contains systematic bits and parity bits. The source 
transmits the systematic bits during the first transmission while the retransmission 
carries the incremental parity bits (i.e. two bits). CRC is employed to detect errors at 
the receiver side. If the destination fails to decode the source message, retransmission
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is requested. Acknowledgement (ACK) and Negative Acknowledgement (NACK) are 
used to indicate the decoding results. It is assumed that a perfect feedback channel 
is used for the ACK/NACK transmission, since ACK/NACK messages are short and 
protected by strong channel coding schemes. The retransmission is performed either 
by the relay or the source itself, depending on the decoding result of the relay. In 
the case that the relay fails to decode the source message, incremental parity bits are 
transmitted by the source until either the relay or the destination successfully decode. 
In the case that the relay succeeds before the destination, the retransmission is carried 
out by the relay and the source proceeds to the next frame. In the case that the 
destination succeeds, the HARQ procedure for the current frame is finished and the 
relay continues to help the next source. If the destination fails to decode the message 
even when all the parity bits are transmitted, the frame will be discarded. The sources 
are scheduled in a simple First-In First-Out (FIFO) manner according to the decoding 
result at the relay and the destination.
For the reception of incremental redundancy, the retransmission is combined with pre­
vious received signal and start to decode the combined signal, until the CRC succeeds or 
the maximum number of retransmission is reached. Let Ls denote the average number 
of coded bits transmitted by the source in one frame and Lv denote the average number 
of coded bits transmitted by the relay, the objective of IR relaying can be written by
max SE(iV)
(5.22)
j
j'=i
Ls + Lr < l ,
where L  is the maximum number of coded bits in one frame. The spectral efficiency of 
IR can be derived using the same analytical method in [107]
(5.23)
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5.5.3 Source S election  R elaying
In a multi-user system with independent fading channels, it is very likely that one or 
more users enjoy better channels than the others. By selectively serving the users with 
better channels, the multi-user diversity gain is created and the long term spectral 
efficiency can be improved. To exploit the multi-user diversity gain for the proposed 
relay network, we proposed two selection criteria for the coordinated spectrum-sharing 
relay.
For the first selection criterion, the system always selects the source with the best S-R 
link quality to utilize the relay resource, namely Best Source Relaying (BSR). To select 
the best source, the sources are sorted regarding to the channel quality of S-R links and 
selection is performed based on the sorting result. After the “best” source is selected, 
the relay allocates all the available resources to forward the message from the selected 
source. The rest of the sources transmit in direct transmission mode without the aid 
from the relay. Then the objective of BSR can be expressed as
max SE(iV)
AT,A
J
s.t. 'y ] A n* j  = j,
j =x (5.24)
3=1 
7 ^  =  max
where the subscript n* stands for the selected source. It is assumed that the S-R
link quality of active sources are arranged in a non-decreasing order and S-R links are
independently and identically distributed (i.i.d). Thus, by order statistics, the CDF of 
7 ^  can be stated as
F-BSRh^) = F ” ^ ) ,  (5.25)
where F(-) is the CDF of the S-R SNR 7 ^ .  Differentiating (5.25) with respect to 
7 ^ ? , the PDF of 7 ^ ?  can be expressed
/BSR(7&r)) =  N F ^ _1 (7^s.r) ) /  (7n* ’ ) • (5.26)
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Applying (5.26), the average spectral efficiency for BSR protocols is expressed as
SÊ(ÂÔ= J™  log2(l +
=  (5.27)
It is clearly shown in (5.27) that the spectral efficiency of BSR is maximized for Tf =  0, 
which is in-line with the analysis in Sec. 5.4. BSR improves the utilization of relay 
resource. However, the fairness is sacrificed as only one source is aided by the relay.
To improve the fairness among the sources for selection relaying, we proposed the sec­
ond selection criterion namely Joint Channel and Power Allocation Relaying (JCPR), 
which selects as many sources as possible and jointly allocates the relay resources to the 
selected sources. For JCPR protocol, the system selects maximum number of sources 
under the condition that each selected source is allocated at least one relay channel. 
The selection process aims to maximize the number of selected sources and the over­
all spectral efficiency instantaneously. Then, the objective of JCPR protocol can be 
expressed as
max SE(iV)
A T ,A
N
s.t. > !, Vi,
n = l
N j  (5.28)
53 53 = J’
n = l j = l
53pjSP*.
3=1
To solve the optimization problem in (5.28), JCPR employs a two-stage optimization 
process to perform the channel assignment and power allocation. The two-stage opti­
mization algorithm is briefly introduced in Algorithm I. Such a two-stage optimization 
algorithm has been proved to be able to achieve maximum spectral efficiency [83,84].
The first stage of the optimization problem in (5.28) is to find the optimal channel 
assignment matrix, which can be solved by employing exhaustive search at the cost of 
exponential complexity or more efficiently the Hungarian method with cubic complexity 
(9( min(iV, J )3) [108]. Since the dynamic channel assignment is an integer programming
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Algorithm I: Joint Channel and Power Allocation
Step 1. Gather the instantaneous CSI of R-D links for all active sources.
Step 2. Perform the Hungarian method to generate the optimal channel assign­
ment matrix A, based on the CSI.
Step 3. Perform water-filling power allocation algorithm for the relay, based on 
the channel assignment and the CSI.
Step 4. Perform adaptive modulation, according to the target bit error rate 
(BER) and the allocated power.
Table 5.1: Joint channel and power allocation algorithm
problem and NP-hard, the Hungarian method is employed. The Hungarian method 
is a combinatorial optimization algorithm that solves the assignment problem in a 
polynomial time. The process of Hungarian method is explained in Algorithm II.
After the channel assignment decision is made with Hungarian method, the power 
allocation on R-D links is performed in the second stage using water-filling algorithm
[109]. The water-filling algorithm computes the fractional power to be assigned to the 
corresponding relay channel based on which can be expressed as
+
Wn = 1C 1
7<rd)
(5.29)
where Wj is the power allocation coefficient for the j th relay channel and /C is a constant 
chosen to satisfy the total power constraint of the relay node. Then, the power spent 
on the j th relay channel is given by
Pj — (5.30)
The channel assignment optimization problem is non-deterministic polynomial-time 
hard (NP hard) and the close form of spectral efficiency is mathematically intractable. 
Nevertheless, the performance of JCPR is illustrated with computer simulation results 
in Sec. 5.6.
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Remark: Pros and cons of the above proposed protocols are manifolds:
• The RR scheme employs the equal resource-sharing policy to provide absolute 
fairness to the sources. Each source gets a fixed portion of the relay channel 
regardless of S-R and S-D link quality. However, it does not optimize the utiliza­
tion of relay resource. It is clearly a waste of relay resource to forward messages 
for those source with their S-D links already fulfilling the rate requirement. The 
major advantage of RR is that all the users are scheduled in a strictly fair way. 
The available resources are equally shared by the active users. However, the strict 
fairness costs the system optimality and degree of freedom.
• The IR scheme takes advantages of the spectral efficient HARQ mechanism. The 
relay resource is efficiently utilized, by adapting the coding rate to the channel 
quality and exploiting the time diversity. The major disadvantage of IR scheme 
is its relatively large latency due to the retransmission mechanism, so it may not 
be applicable for a latency sensitive system.
• The source selection relying improves the efficiency of relay resource utilization 
comparing to the RR scheme, by exploiting the multi-user diversity. However, 
the fairness among the sources is compromised. It is possible that certain heavily 
shadowed source may never be allocated any relay resource. Another disadvantage 
for source selection is that it introduces more signalling overhead for the channel 
information feedback, especially when the number of source is large.
5.6 Simulation Results and Discussions
In this section, computer based Monte Carlo simulation results are presented to demon­
strate the performance improvement of relaying with coordinated spectrum sharing. 
First, the simulation configuration is introduced, i.e. the transmission and reception 
strategies. Then, the spectral efficiency of the proposed relaying protocols are illus­
trated and compared based on the adopted channel usage model. The benchmark for
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A lgorithm  II: Hungarian Assignment Algorithm
Step 1. Create an iV x J  matrix, where the rows represent the active sources
and the columns represent the available relay channels. The elements 
of the matrix is the benefit of the corresponding active source and relay 
channel pairing (e.g. maximum spectral efficiency).
Step 2. For each row of the matrix, find the largest element and subtract it from
every element in this row, so that each row contains at least one zero 
and negative elements.
Step 3. Draw lines across the rows and columns that contain zeros, in such a
way all zeros are covered.
Step 4. If all the columns has a line, then the assignment is finished. If not, go
to step 5.
Step 5. Find the largest element that is not covered by any of the lines. Then
subtract it from each entry which is not covered by the lines and add it 
to each entry is covered by a vertical and a horizontal line. Repeat step 
3 and 4.
Table 5.2: Hungarian assignment algorithm [108]
comparison is relaying with fixed bandwidth allocation (i.e. K  = N ). Also, the im­
pact of the channel usage model is further discussed with simulation results. Last, the 
cooperation delay is introduced and illustrated for the proposed relaying protocols.
5.6.1 Sim ulation  C onfiguration
In the simulated network, the transmitters employ a turbo encoder consisting of two 
parallel Recursive Systematic Convolutional Code (RSC) encoder. Generally, the turbo 
encoder outputs a codeword with a specific coding rate by combining the systematic 
bits with the RSC encoded parity bits [110]. In our simulations, a ^-rate codeword is 
implemented by combining the systematic bit sequence with two parity bit sequences.
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When the receiver recovers the codeword from the modulated symbols, it employs two
parity LLR sequences. Iterative decoding is then performed by exchanging extrinsic 
information between the two parallel decoding components. After a pre-determined 
number of iterations, the estimated information bits are decoded with the final output 
LLR of the two decoders [110].
To further improve the spectral efficiency, adaptive modulation schemes are employed 
by the sources. The sources adaptively choose the modulation size according to the S-D 
CSI feedback from the destination to meet a pre-determined target B E R . In our sim­
ulations, the B E R  target for adaptive modulation is set to B E R target =  10-3 . QPSK, 
16-QAM, 64-QAM and 256-QAM are employed by the sources for adaptive transmis­
sions, while the relay employs a fixed 16-QAM transmission scheme. If the source 
employs a modulation set with the constellation size of M  and the symbol duration is 
fixed to T  for all the transmissions. The corresponding Nyquist bandwidth is given as 
W  = 1/T. The number of information bits per frame is fixed to B. The frame duration 
for the source transmission is expressed as B T /(r  log2 M), where r is the coding rate 
of the turbo encoder. Then, the instantaneous transmission rate for the nth source can 
be expressed as
To illustrate the performance of the proposed relaying protocols in a realistic cellular 
channel environment, all the communication channels in our simulations are considered 
as independent block fading channels. An example network with total N  = 8 sources 
is adopted and the source channel usage probability is chosen to be p =  0.48 as for 
the practical channel usage model. Although a network of 8 users are provided as 
an example, the performance evaluation process is applicable to a network with any 
number of users .
MAP decoders to produce one systematic log likelihood ratio (LLR) sequence and two
W  B T /  (r log2 M )
= r ■ log2 M  (bits/s/Hz). (5.31)
The average spectral efficiency in our simulation is then given by
(5.32)
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5.6.2 Spectral E fficiency
Experiment 1: The objective of this experiment is to investigate the performance in 
term of spectral efficiency for the proposed relaying protocols, when the practical chan­
nel usage model is considered. It is assumed that the sources are placed with equal 
distance to the destination and the relay is in the middle between the sources and the 
destination. Thus, the average SNR of S-R and R-D links are 6 dB higher than that 
of the S-D links. This configuration offers the optimal multi-hop gain for a DF relay 
network [111]. Fig. 5.3 illustrates the spectral efficiency as a function of the average
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F igure 5.3: Spectral efficiency for the coordinated spectrum sharing relaying protocols with 
IV =  0 as a function of the average SNR of S-D link. The average SNR of the S-R 
links and R-D links are 6 dB higher than that of S-D link, with the source active 
probability p = 0.48.
SNR of the S-D link. The system spectral efficiency is averaged over the number of to­
tal channels, which is shown with the comparison with the conventional relaying with 
fixed bandwidth allocation (K  = N). To maximize the spectral efficiency, a water- 
filling power allocation (PA) algorithm is implemented for all the proposed protocols 
at the relay node. There is no dedicated channel for the relay as suggested by the an­
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alytical results in Sec. 5.4, i.e. K  = 0. In Fig. 5.3, it is observed that JCPR performs 
the best for the low SNR range, i.e. 0-6 dB. The reason behind is that at the low SNR 
range, JCPR can introduce gain through resource (channel and power) allocation. But 
at the high SNR range, the channel and power allocation gain is limited. For the high 
SNR range above 6 dB, IR with HARQ offers the best performance, due to its capacity 
approaching retransmission mechanism. It can be observed that all the coordinated 
spectrum-sharing schemes outperform the conventional fixed relaying scheme and a 
gain up to 2.1 bits/s/Hz/user is illustrated. Since no dedicated channel is assigned to 
the relay, the total dedicated spectrum is halved and an improvement of at least 50% 
on the spectral efficiency can be achieved.
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Figure 5.4: Spectral efficiency for the coordinated spectrum sharing relaying protocols with 
K/N=5Q% as a function of the average SNR of S-D link. The average SNR of the 
S-R links and R-D links are 6 dB higher than that of S-D link, with the source 
active probability p = 0.48.
To illustrate the impact of increasing the number of relay dedicated channel, Fig. 
5.4 demonstrates the performance of the proposed schemes with K/N=50%  for the 
practical channel usage model. It can be observed that the schemes with larger K  
have a spectral efficiency loss of up to 0.8 bits/s/Hz/user. The reason behind is that
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the dedicated relay bandwidth is wasted, since the opportunistically accessed relay 
channel is enough for the system to achieve maximum spectral efficiency. Thus, the 
spectral efficiency is reduced as K  increases. The simulation result goes in-line with 
our theoretical analysis in Sec. 5.4, as it suggests that the system spectral efficiency is 
bounded by the S-R links, as well as the source channel usage probability p.
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Figure 5.5: Spectral efficiency for the coordinated spectrum sharing relaying protocols with 
i f  =  0 as a function of the average SNR of S-D link. The average SNR of the S-R 
links and R-D links are 6 dB higher than that of S-D link. The channel usage 
probability is set p =  0.25.
5.6.3 T he Im pact o f C hannel U sage M odel
Experiment 2: The objective of this experiment is to investigate the impact of channel 
usage model on the spectral efficiency, specifically the source channel usage probability 
p. Our adopted channel usage model provides a scenario of urban cellular network where 
the source channel usage probability is considered as the highest. It is reasonable that 
the source channel usage probability may be reduced for less busy networks, i.e., for 
a suburban area. Using the same configuration in Experiment 1, Fig. 5.5 shows the
5.6. Simulation Results and Discussions 82
N  =2
N=4
AT =5
I<0
SNR (dB)
Figure 5.6: Spectral efficiency for round-robin protocol as a function of the average SNR of 
S-D link, to illustrate the effect of varying number of active sources.
spectral efficiency of proposed protocols with a lower source channel usage probability 
of p =  0.25. It can be observed that with a reduced p, the spectral efficiency is also 
reduced. The average spectral efficiency is dominated by the first term of (5.18), which 
is related to the source activities. In a less active network, the source dedicated channel 
is under-utilized for most of the time and then the relay will also remains silent. In 
such a case, the overall spectral efficiency is reduced.
To show the effect of source activity, the spectral efficiency of the proposed relaying 
protocols with varying number of active sources is illustrated in Figs. 5.6-5.9. For 
all the relaying protocols, it can be observed that the spectral efficiency increases as 
the number of active source N  approaching to the maximum. The simulation results 
confirms with the analysis result in (5.18) that the system performance is dominated 
by S-R link. Also, it can be observed that the average spectral efficiency performance 
in Fig. 5.3 is very close to the case of iV =  4 in Figs. 5.6-5.9, which is because the 
performance is contributed mostly by the cases with 4 active sources, based on the 
source channel usage probability p =  0.48.
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Figure 5.7: Spectral efficiency for best source selection protocol as a function of the average 
SNR of S-D link, to illustrate the effect of varying number of active sources.
5.6 .4  T he D elay  Perform ance
Experiment 3: Since the number of active sources is a varying function in time domain, 
the considered system is dynamic. In such a system, each source is allocated a regular 
time slot to be aided by the relay, while the other active sources need to wait for the 
relay to respond to their forwarding request according to a centralized scheduler. Then, 
the cooperation delay is introduced by the scheduling algorithm. The cooperation delay 
is defined as the average maximum number of time slots that the source has to wait 
until it is served by the relay. Assuming the frame can be immediately transmitted by 
the relay following complete reception from the sources and the frame duration is equal 
to the time slot duration, the average maximum cooperation delay experienced by the 
source is given by
N
D = T , ' PN ^ - t i )  (5.33)
N=1
where N  is the number of scheduled sources in one time slot according to the MAC-layer 
scheduling algorithm.
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Figure 5.8: Spectral efficiency for IR HARQ protocol as a function of the average SNR of S-D 
link, to illustrate the effect of varying number of active sources.
The objective of this experiment is to investigate the cooperation delay for the proposed 
relay protocols. The delay performances of the proposed protocols are plotted in Fig. 
5.10, where the average maximum delay is shown as a function of the total number of 
sources and the source channel usage probability is set to be p =  0.48 and the relay 
has none dedicated channel K  = 0. It can be observed that the JCPR protocol offers a 
less cooperation delay than the other protocols, since JCPR schedules as many active 
sources as possible during one time slot (N  = min(]V, J)). On the other hand, the rest 
three protocols can only schedule maximum one source (N  = 1) in every time slot. 
The pay for the delay reduction is the loss on the spectral efficiency, since the other 
scheme optimize the resource allocation for the scheduled sources, while JCPR protocol 
distributes the relay resources to as many sources as possible.
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Figure 5.9: Spectral efficiency for joint power and channel allocation protocol as a function of 
the average SNR of S-D link, to illustrate the effect of varying number of active 
sources.
5.7 Summary
In this Chapter, the relationship between the spectral efficiency and the bandwidth 
dedicated to the relay was theoretically analyzed, with the discussion on the adopted 
channel usage model. It was shown that, with the practical channel usage model, the 
spectral efficiency was maximized when the relay did not have any dedicated band­
width (See Fig. 5.3). Moreover, to elaborate the analysis results, the DF relay adopt­
ing various MAC-layer protocols were analysed and investigated, which include the 
round-robin resource scheduling, incremental relaying with HARQ and source selection 
relaying. The advantages and disadvantages of the proposed protocols were discussed. 
The Monte Carlo simulations showed that the DF-relay with coordinated spectrum 
sharing improved the spectral efficiency by at least 50% in comparison with the relay 
with fixed bandwidth allocation.
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Figure 5.10: Average maximum delay of the proposed scheduling protocols regarding to the 
number of total sources in the network.
Chapter
Conclusions and Future Work
6.1 Conclusions
Cooperative relaying is a promising candidate to provide reliable service for the future 
wireless cellular network. In this thesis, algorithms to improve spectral efficiency for 
half-duplex DF relay have been investigated. Firstly, the background on cooperative 
relaying has been reviewed. The classical models of relaying protocols including AF, DF 
and CF have been introduced with theoretical analysis to demonstrate the potential 
improvement of cooperative relaying over the traditional point-to-point communica­
tions. However, due to the orthogonality constraint imposed by the relay transmission, 
the spectral efficiency of half-duplex relaying is reduced.
To push the limit of relaying network towards the capacity, a lot of techniques have been 
proposed to improve the spectral efficiency. In this thesis, we focused on the techniques 
exploiting channel information as well as spectrum sharing methods. By exploiting 
channel information, transmitters are able to adopt the transmission parameters, such 
as power, modulation size and channel coding rate, to the channel conditions. The adap­
tive transmission techniques have been well studied for the conventional point-to-point 
communications. However, the previous research can not be straightforwardly adopted 
to the multi-node cooperative scenario. To solve such a problem, adaptive modulation 
algorithms for cooperative relaying have been introduced and the optimization for such 
algorithms has been carefully investigated.
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Furthermore, in multi-relay scenario, when perfect CSI of all links is available at the des­
tination, the state-of-art relay selection algorithms can be used to achieve the diversity 
gain and maximize the spectral efficiency. The major approach to perform the selec­
tion is to exploit the channel diversity by selecting the relay with best channel quality. 
However, the perfect channel feedback is an impractical assumption. To enable the re­
lay selection without perfect channel information, we proposed a relay selection scheme 
with mixed channel information which exploit the statistical characteristics of wireless 
channel for DF relaying. The proposed scheme aims to reduce the CSI feedback for 
modulation-adaptive opportunistic DF relaying. A novel semi-deterministic approach 
is proposed for performing joint rate adaptation and best relay selection. Two different 
selection criteria are used to perform selection based on the mixed channel informa­
tion. Using static channel information, instead of instantaneous channel information, 
introduce a possible case that the actual best relay is not selected. To evaluate the 
performance loss of such a case, a new metric, namely probability of missing the best 
relay, is proposed. The simulation results show that the proposed selection scheme can 
significantly reduce the signalling overhead while almost achieves the same performance 
in spectral efficiency as the schemes with full channel information. Our research shows 
that a good trade-off between the spectral efficiency and signalling overhead can be 
maintained by the proposed selection scheme. The proposed scheme can reduce the 
signalling overhead by more than 50% while almost the same spectral efficiency can be 
maintained comparing with the schemes with full channel feedback.
For DF relaying, error propagation can cause substantial performance loss in reliability 
and spectral efficiency. To mitigate the effects of error propagation, distributed turbo 
decoding algorithms exploiting the source-relay correlation information have been pro­
posed. A coin-flipping model is used to describe the source-relay correlation. The 
correlation knowledge is utilized at the destination as side information to iteratively 
update the decoding output LLRs. The conventional threshold-based correlation es­
timation method may fail when the channel condition is not ideal and the threshold 
is not carefully set. Hence, we proposed a decoding algorithm based on the channel 
information to provide correlation knowledge. Our research on the proposed decoding 
algorithm shows that a 2-dB HER performance gain can be observed over conventional
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selective DF relaying without exploiting correlation information.
The conventional half-duplex relay suffers significant loss of spectral efficiency due to 
the orthogonality requirement. We found that in a practical channel usage scenario, 
where the sources’ channels may be temporarily vacant, it is possible for the relay to 
share sources’ bandwidth. Therefore, the amount of relay dedicated bandwidth can be 
reduced and the spectral efficiency is likely to be improved. In this thesis, the rela­
tionship between the spectral efficiency and relay dedicated bandwidth is theoretically 
studied. Our research shows that, when a practical channel usage model is consid­
ered, the spectral efficiency can be maximized when the relay dedicated bandwidth is 
zero. Furthermore, the spectral efficiency of such a system is investigated with differ­
ent resource scheduling algorithms. Our simulation results show that the proposed DF 
relaying with coordinated spectrum sharing scheme can improve the spectral efficiency 
by up to 50% over the conventional relaying with dedicated bandwidth.
6.2 Future Work
In this thesis, we have investigated the spectral efficiency improvement of half-duplex 
DF relay by exploiting mixed channel information and spectrum sharing. However, 
the fundamental problem of cooperative relaying has not been perfectly solved. It is 
worthwhile to consider the following topics as our future work:
• For the relay selection algorithm, we consider a network with only one source. 
When the network is extended to a multi-source scenario, the situation is more 
complicated. The relay selection criteria should be changed since more param­
eters are involved. The optimization of such selection scheme is challenging as 
well as the performance analysis. Moreover, when multiple sources are involved, 
more sophisticated adaptive strategies should be designed to optimize the overall 
system performance.
• For the distributed turbo decoding algorithm exploiting correlation information, 
a direct extension is to find the performance of a multi-relay scenario where how 
to obtain and efficiently utilise the correlation information is the main problem.
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Also, it is previously assumed that the channel is block fading. Will the proposed 
decoding scheme work if the channel is non-quasi static? To answer the above 
question, more research effort is needed.
• For the relaying with coordinated spectrum sharing, it is worth of investigation 
to relax the assumption on the relay channels to provide a general model of such 
a system. Also, the optimization will become more complicated as the number of 
relays increases.
• The main drawback of relaying network is the half-duplex constraint. Fortunately, 
recent research efforts [112-114] show that full-duplex radio will be a promising 
method to provide spectral efficiency in the near future. Therefore, the design of 
adaptive transmission protocols and resource allocation algorithms for full-duplex 
radio may be an important direction for the future research work.
Appendix A 
Derivation of Equation (5.14)
With the assumption A3), we have / ( 7 ^ ,7 ^ rd )^ =  / ( 7 ^ )  and then simplify (5.12) 
into
E { m i n ( C ^ ) , C ^ ) }
roo
=  /  min(C<sr>, C<rd>)/(7 (sr>)d7H i (A.l)
Jo
/*7oSr^  roo
=  / c W / ( 7 ^ ) ) d 7 ( ^  +  C ^  /  / ( 7 ^ ) ^ 7 ^ ,  (A.2)
Jo  V7(sr)
where 7 ^  is the S-R link SNR corresponding to . Applying
/•7oSr) roo
/  C W y ( 7 ( ^ ) d 7 ( ^ = E { C ^ ) } -  /  C ^ ) / ( 7 W ) d 7 W ,  (A.3)Jo 7 J7(sr)
we can define
roo
r(ar,A r)A  / ( c ^ - c ^ ) ) / ( 7 ^ ) ) d 7 ^ ) .  (A.4)
Then, (5.12) can be expressed by
C (# , A) =  E{C ^)} +  r(A:, A). (A.5)
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Appendix B 
Approximation of G { K )
Assuming the S-R link to be Rayleigh fading, 7 s^r) follows exponential distribution, i.e.
1 (^sr)
/ ( 7 (sr)) =  "(sr), (B.l)
where 7 ^  denotes the average SNR of the S-R link. When 7 ^  is sufficiently large, 
we can have the approximation F (AT, N ) % 0, and thus (5.18) approximates to
SE % 7%#). (B.2)
Sufficient conditions for the case of having a large 7 ^  are: cl) 7 r^d) is sufficiently large; 
and c2) the relay has sufficient number of channels. The condition cl) is equivalent to 
the case with the probability of (7 ^  > 7 ^ )  to be sufficiently small. Applying (B.l), 
the condition cl) can be mathematically expressed by
A7 (rd)
Pr(7(sr) > 7(rd))=  1 -  /  / ( 7 <sr))d7 <sr>, (B.3)
Jo
7 (rd)
=  e (B.4)
where (  is an arbitrarily small value. With a careful design of system, £ can be guar­
anteed to be sufficiently small. Furthermore, according to (5.17), 7 ^  increases expo­
nentially with the number of relay channels. With the condition cl), a small ratio of 
assigned relay channels (i.e. 20%) is able to make 7 ^  sufficiently large. To show that 
the condition c2 ) holds for the practical channel usage model in cellular networks, the
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real field measured c.d.f. for the ratio of available relay channel is plotted in Fig. 5.2 
(also see [98,99]). It is observed that the condition c2) holds for a very large probability 
with the practical cellular system (more than 90%).
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